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Abstract 
Polycyclic aromatic hydrocarbons (PAHs) consist of two or more flised aromatic 
rings in linear, angular or cluster arrangements. They are persistent environmental 
contaminants many of which are toxic, carcinogenic and/or mutagenic. They are 
generated by incomplete combustion of fossil fuels and other organic substances. 
In the present study, the spent mushroom compost (SMC) of oyster mushroom 
Pleurotus pulmonarius, which is a solid waste left after the harvest of mushrooms, 
was proposed as a bioremediating agent to treat four PAHs which are classified as 
priority pollutants by the United States Environmental Protection Agency. 
The removal efficiencies by degradation of individual naphthalene, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene (200 mg PAH/kg sterilized soil) by 0.05 g 
of straw SMC reached 100 % for 2 days at the optimal incubation temperature of 
80°C in soil. For the water system, the removal efficiencies by degradation of 
single naphthalene, phenanthrene, benzo[ajpyrene and benzo[g,h,i]perylene (125 
mg/L) were 100 士 0 o/o, 86.64 士 4.38 %, 97.18 土 3.43 % and 95.69 土 4.27 %, 
respectively. Removal was mainly by biodegradation except in the case of 
phenanthrene where 13.36 土 4.38 % of it was sorbed. Complete removal of these 
PAHs by 0.05 g of SMC was achieved within 30 minutes at 80°C. Further, the 
initial pH of the reaction medium did not affect removal owing to the buffering 
capacity of SMC. The results of Microtox® test show that the toxic levels of the 
PAHs after treatment with SMC were significantly reduced or totally removed. 
This was also confirmed by the putatively identified composition by gas 
chromatography-mass spectrometry analysis of the reaction mixtures. Phthalic acid 
derivative was likely an intermediate and/or a breakdown product from the PAHs by 
the non-specific extracellular ligninolytic enzymes immobilized in SMC. Also, 
straight and long chain alkanes such as pentadecane and hexadecane detected might 
be the breakdown products from the chemical oxidation of the PAHs. 
By performing isotherm plots with the sorption results, the Freundlich model 
generally gave a better fit for the adsorption equilibrium data of naphthalene, 
phenanthrene, beiizo[a]pyrene and benzo[g,h,i]perylene by SMC than the Langmuir 
model did. This suggests that heterogeneous sorption sites are present in SMC. 
In soil samples spiked with a mixture of four PAHs (200 mg/kg each), the lowering 
in the degrading activities of phenanthrene and benzo[g,h,i]perylene was found and 
their removal efficiencies were reduced from 100 % to 73.63 土 3.18 % and 91.88 士 
3.05 %, respectively. In contrast, the degradation of naphthalene and 
benzo[a]pyrene was unaffected. For the water system, in the presence of other 
PAHs (125 mg/L each), the removal efficiencies by degradation of phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene were reduced to 51.88 士 3.52 %, 80.27 土 
2.04 % and 73.15 士 2.65 % correspondingly whereas naphthalene was completely 
degraded. Nevertheless, there were no significant changes in the removal 
efficiencies by sorption of these four model compounds. 
All of the above results demonstrate that SMC could be used to remove PAHs of a 
wide range of concentrations effectively in both soil and water systems by 
degradation and sorption. The degradation product(s) was/were less toxic than the 
parental compounds. Coupled with the buffering capacity of SMC and high 
tolerance to temperature, it is believed that SMC is of potential use to help 
environmental clean-up of PAH-contaminated sites. 
摘要 
多環芳香烴(polycyclic aromatic hydrocarbons ’簡稱PAHs)是指化合物中兩個或 
更多的芳香環從直線、有角或成群地排列而成。它們是頑抗的環境污染物，而 
且帶有毒性、致癌性及突變性。它們大多數於不完全燃燒的化石燃料及其他有 
機物質過程中產生。有鑑於此，本文特地選取了鳳尾蔽底物後廢料 ( spent 
mushroom compost of oyster mushroom Pleurotus pulmonarius，SMC)f乍；^一 
種生物除污劑，應用在受PAHs污染的土壤及水體系統�萘(naphthalene)�菲 





系，萘、菲、苯并花及U2-苯并花的生物降解率分別爲100 ± 0 o/o�86.64 土 4.38 
% � 9 7 . 1 8 士 3.43 o/o及95.69 士 4.27 %�此外，從硏究數據得出，SMC只吸附小量 






析(gas chromatography-mass spectrometry analysis)得矢口 ’ 鄰苯二 甲酸行J生物 










并蓝的生物降解率卻因競爭等現象出現而分別地減少至73.63 ± 3.18 %及91.88 
士 3.05 %。同樣地，在水體樣本中發現，菲、苯并蓝及1，12-苯并蓝的生物降解 
率因受到其他共存的PAHs(每升125亳克的污染物)所影響，而下降至51.88 土 
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1 Introduction 
1.1 Polycyclic aromatic hydrocarbons (PAHs) 
1.1.1 Physical and chemical properties of PAHs 
Polycyclic aromatic hydrocarbons (PAHs) are one of the principal classes of organic 
compounds whose central molecular structure is held together by stable 
carbon-carbon bonds (Garrigues and Lamotte, 1991). PAHs consist of two or more 
fused aromatic rings in linear (with all the rings in a line), angular (with the rings in 
steps) or cluster (with at least one ring surrounded by three sides) arrangement 
(Blumer, 1976; Heitkamp and Cemiglia, 1988; Cemiglia, 1992; Kochany and 
Maguire, 1994; Muncnerova and Augustin, 1994). Different ring arrangements 
result in different degrees of stability. Linear arrangement in naphthalene and 
anthracene is the least stable among the three. Cluster of aromatic rings like in 
pyrene and benzo[a]pyrene is more stable. The most stable configuration is the 
angular arrangement of aromatic rings in phenanthrene and chrysene (Blumer, 1976; 
Bossert and Bartha, 1986; Wilson and Jones, 1993; Ye et al., 1996; Harvey, 1997). 
By definition, PAHs contain only carbon and hydrogen. However, nitrogen, oxygen 
and sulfur atoms can be readily substituted for carbon atoms in the rings. The 
resulting heteroaromatic compounds are commonly grouped with the hydrocarbons 
which they resemble in their properties and their behavior in analysis (Blumer, 1976; 
Bjorseth, 1983; Kochany and Maguire, 1994; Muncnerova and Augustin, 1994; 
Harvey, 1997). 
On the basis of their properties and molecular weights, two classes of PAHs can be 
distinguished, that is, 2- and 3-ring aromatics from naphthalene to anthracene and 4-
1 
to 6-ring aromatics from fluoranthene to indeno[ 1,2,3-c,d]pyrene (Witt, 1995). 
PAHs are highly recalcitrant and persistent, and have the tendency to bioaccumulate 
(Ashok and Saxena, 1995; Volkering et al” 1995; Coates et al., 1997; Tiehm et al., 
1997; Boonchan et al., 1998; Marcoux et al., 2000). There are toxicological 
concerns about the PAH residues in the environment since some of PAHs have been 
shown to have genotoxic, carcinogenic and/or mutagenic properties (Mihelcic and 
Luthy, 1988; Palmentier et al,, 1989; Grosser et al., 1991; Bezalel et al., 1996; 
Shuttlesworth and Cemiglia, 1996; Beckles et al., 1998; Kotterman et al., 1998; 
Samanta et al., 1999; Marcoux et al., 2000). The United States Environmental 
Protection Agency (USEPA) has identified 16 PAHs among thousands of PAHs and 
their derivatives as priority pollutants in industrial effluents: compounds selected on 
the basis of its known or suspected acute toxicity, carcinogenicity or teratogenicity 
(Keith and Telliard, 1979; Heitkamp and Cemiglia, 1988; Samanta et al., 1999; 
Juhasz and Naidu, 2000). The chemical structures of 16 certified PAHs are shown 
in Figure 1.1. 
The physical, chemical and biological properties of the selected PAHs are tabulated 
in Table 1.1. Generally, as pure chemicals, PAHs exist as colorless, white or pale 
yellow-green solids (Blumer, 1976; Bjorseth, 1983; Bjorseth and Ramdahl, 1983; 
Mackay et al., 1992). As shown in Table 1.1, the melting and boiling points of 
PAHs increase with increasing the molecular weight. Moreover, most PAHs are 
hydrophobic compounds and their persistence within ecosystems is mainly due to 
their low water solubility (Bauer and Capone, 1988; Brodkorb and Legge, 1992; 
Cemiglia, 1992; Shuttlesworth and Cemiglia, 1996; Beckles et al” 1998; Stapleton et 
a/., 1998; Horinouchi et al., 2000; Yuan et al., 2000). The water solubility of PAHs 
decreases and hydrophobicity increases with increasing the molecular weight or 
2 
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number of fused aromatic rings (Ashok and Saxena, 1995; Shuttlesworth and 
Cemiglia, 1996; Juhasz and Naidu, 2000). Further, volatility as expressed in vapor 
pressure decreases with an increase in the number of fused aromatic rings (Wilson 
and Jones, 1993). In the light of the highly hydrophobic characteristic, PAHs are 
readily sorbed to particulate matters in air, water and soil (Beckles et al., 1998), so 
sediments are the ultimate repository for PAHs which become buried and persist until 
degradation (Cemiglia, 1992). PAHs in sediments become resuspended, 
• bioacculumated or removed by dredging (Cemiglia, 1992). The suggested 
half-lives of some PAHs in various environmental compartments are shown in Table 
1.2 (Mackay et al,, 1992). It is found that half-lives of PAHs exhibit increasing 
trends with increasing the molecular weight and those PAHs soil and sediment 
generally have longer half-lives up to few months than those in air and water. 
Numerous studies have indicated that 2- and 3-ring PAHs (low-molecular-weight) 
are acutely toxic while high-molecular-weight PAHs are considered to be genotoxic 
(Sims and Overcash, 1983; Heitkamp and Cemiglia, 1988; Ashok and Saxena, 1995; 
Shuttlesworth and Cemiglia, 1996; Beckles et al” 1998; Juhasz and Naidu, 2000; 
Yuan et al., 2001). A comparison of different PAH compounds in terms of their 
acute toxicity, carcinogenicity and mutagenicity is presented in Table 1.3. 
1.1.2 Formation of PAHs 
PAHs are not intentionally produced for commercial uses except for research 
purposes, but some PAHs such as naphthalene and acenaphthene can be used for the 
industrial production of pesticides, paints and dyes (van Agteren et al” 1998). They 
are formed during the incomplete combustion of fossil fuels (gasoline, kerosene, coal 
and diesel fuel) as well as other organic substances (Blumer, 1976; Heitkamp and 
5 
Table 1.2 Suggested half-lives of PAHs in various environmental samples (Mackay et 
al., 1992). 
EPA priority pollutants Air Water Soil Sediment 
Class class Class class 
Naphthalene 2 4 6 7 
Acenaphthylene 3 5 7 8 
Fluorene 3 5 7 8 
Phenanthrene 3 5 7 8 
Anthracene 3 5 7 8 
Fluoranthene 4 6 8 9 
Pyrene 4 6 8 9 
Chrysene 4 6 8 9 
Benz[a] anthracene 4 6 8 9 
B enzo [k] fluoranthene 4 6 8 9 
Benzo[a]pyrene 4 6 8 9 
Dibenz[a,h]anthracene 4 6 8 9 
where 
Class Mean half-lives Range (hours) 
(hours) 
1 5 <10 
2 17 (~1 day) 10-30 
3 55 ( � 2 days) 30-100 
4 170 ( � 1 week) 100-300 
5 550 ( �3 weeks) 300-1,000 
6 1,700 (~2 months) 1,000-3 ’000 
7 5,500 (~8 months) 3,000-10,000 
8 17,000 (2 years) 10,000-30,000 
9 55,000 (6 years) >30,000 
6 
Table 1.3 Acute toxicity, carcinogenicity and mutagenicity of selected PAHs 
(Cavalieri et al., 1983; Sims and Overcash, 1983). 





Fluoranthene + -/+ 
Pyrene ？ -/-
Chrysene ？ +/+ 
Benz[a] anthracene ？ +/+ 
Benzo[a]pyrene ++ +++/+ 
Benzo[g,h,i]perylene ？ ？ 
”+” Relative degree of effect on o r g a n i s m s ; N o effect; "？" Unknown effect 
7 
Cemiglia, 1988; Cemiglia, 1992; Muncnerova and Augustin, 1994; Samanta et al., 
1999; Yuan et al., 2001)，burning of vegetation in forest and bush fires (Wilson and 
Jones, 1993; Stringfellow and Aitken, 1995; Kastner et al., 1998; Stapleton et al., 
1998; Gramss et al,, 1999) and also by some plant and bacterial reactions (Blumer, 
1976). 
Formation is based on the following two major mechanisms: pyrolysis or incomplete 
combustion and carbonization processes (Bjorseth and Ramdahl, 1983). In general, 
PAHs are formed whenever organic compounds are exposed to high temperatures 
(Blumer, 1976). This process is known as pyrolysis by which the unstable aromatic 
compounds will become stable with respect to their precursors, usually alkylated 
benzene rings, by releasing a large amount of energy. The alkyl groups can be of 
sufficient length to allow cyclization and then with time these cyclized moieties 
become aromatized. The temperature at which this process occurs determines the 
degree of alkyl substitution on PAHs. The higher the temperature is, the more 
unsubstituted the resulting PAHs become (Crawford and Crawford, 1996). 
The absolute amount of PAHs formed under defined pyrolysis conditions depends on 
the reaction temperature as well as the starting materials (Bjorseth and Ramdahl, 
1983). Although there are many different PAHs formed during the primary reaction, 
only a limited number of PAHs enter the environment because many of them formed 
by the primary reaction will have short half-lives under pyrolysis conditions and 
therefore be stabilized in subsequent reactions. 
Another mechanism for the formation of PAHs is carbonization. Various processes 
of carbonization which occur, for example, during the generation of mineral oil and 
8 
coal, lead to the formation of PAHs from decaying biological materials at low 
temperature below 200 °C and high pressure over a period of millions of years 
(Bjorseth and Ramdahl, 1983; Zheng and Fang, 2000). The transformation is 
similar to pyrolysis, but the reactions are exceedingly slow because of the modest 
temperatures involved. 
1.1.3 Sources of PAHs 
PAHs are commonly found in air, water, soil and sediment. There are two possible 
sources for PAHs to be released in the environment. One is the natural 
(biosynthetic) sources as well as the other one is the anthropogenic (man-made) 
sources. 
For natural sources, some microorganisms such as bacteria, fungi and algae can 
synthesize PAHs, but these sources do not create an environmental pollution problem 
when compared with those PAHs generated by the anthropogenic sources (Witt, 
1995). 
The anthropogenic sources can be divided into two categories: stationary and mobile 
sources (Table 1.4). The stationary sources include industrial sources (e.g. coke 
production, carbon black production, petroleum catalytic cracking and wood 
preservative wastes), power and heat generation (e.g. wood- and peat-fired power 
plants)，incineration and open fires (e.g. municipal and industrial incinerators, refuse 
burning and forest fires) and residential heating (e.g. furnaces, fireplaces and gas 
burners). The second category is the mobile sources including gasoline- and 
diesel-engine automobiles and airplanes (Bjorseth and Ramdahl, 1983; Heitkamp et 
aL, 1988; Wilson and Jones, 1993; Vyas et al” 1994; Ashok and Saxena, 1995; 
9 
Table 1.4 Major sources of PAHs in the environment (Bjorseth, 1983; Bjorseth and 
Ramdahl, 1983; Cemiglia, 1992; Wilson and Jones, 1993). 
Stationary sources ‘ ‘   
Residential heating ‘ Power and heat generation 
-Furnaces, fireplaces and stoves - Coal- and oil-fired power plants 
(wood and coal) _ Wood- and peat-fired power plants 
-Gas burners - Industrial and commercial boilers 
_ Smoke, charcoal broiled or pan-fried _ Combustion of fossil fuels 
Foods (gasoline, kerosene, coal or diesel fuel) 
hdustry Incineration and open fires 
-Coke production - Municipal and industrial incinerators 
-Carbon black production - Refuse and waste burning 
-Petroleum catalytic cracking - Forest and prairie fires 
-Asphalt production - Structural fires 
_ Aluminum smelting - Agricultural burning 
-Iron and steel sintering 
-Ferroalloy industry 
-Creosote and wood preservative wastes 
-Coal gasification and liquefaction processes 
-Coal tar and other coal processing wastes 
-Petrochemical industrial effluents 
Mobile sources ‘ ‘ “ — 
-Gasoline- and diesel-engine automobiles 
-Rubber tire wear 
-Airplanes 
-Sea traffic 
-Tobacco and cigarette smoke 
-Accidental spills from oil tankers and other ships 
10 
Boonchan et al” 1998; Juhasz and Naidu, 2000; Marquez-Rocha et al., 2000). 
Among them, the accidental discharges during the transport, use and spillage of 
petroleum products, industrial effluents from waste incineration, coal gasification 
and liquefaction processes, domestic heaters, motor vehicle emission, as well as 
tobacco and cigarette smoke are the significant sources of PAHs to the environment 
(Wu, 1988; Cemiglia, 1992; Muncnerova and Augustin, 1994; Hong et al” 1995; 
Stringfellow and Aitken, 1995; Wang, 1996; Beckles et al., 1998; Connell et al., 
1998a and 1998b; Samanta et al., 1999; Zheng and Richardson, 1999; Juhasz and 
Naidu, 2000; Canet et al., 2001; Yuan et al., 2001). 
The concentration of PAHs in the environment varies widely, depending on the level 
of industrial development and contamination with petroleum products. For example, 
the PAH contamination ranges from 5 ng/g soil in an undeveloped area to 1.79 x 10^ 
ng/g at oil refinery (Cemiglia, 1992; Wilson and Jones, 1993; Juhasz and Naidu, 
2000). Their hydrophobicity and low water solubility make them favorable to be 
bound by the organic fraction of soil and sediment (Marcoux et al., 2000). Most 
PAHs do not occur alone in the environment. Rather they are found as mixtures of 
two or more PAHs (Bouchez et al., 1995; Stringfellow and Aitken, 1995; Tiehm and 
Fritzsche, 1995; Trzesicka-Mlynarz and Ward, 1995; Crawford and Crawford, 1996; 
Juhasz et al., 1996; Shuttlesworth and Cemiglia, 1996; Beckles et al., 1998; McNally 
et al., 1999; Samanta et al, 1999). Table 1.5 shows the concentrations of some 
PAHs detected at different sites. As these are analyzed by different groups, these 
data are not intended for inter-site comparison. Nevertheless, high concentrations 
of PAHs in contaminated soils and/or sediments are usually associated with industrial 
activities involving wood-preserving processes and creosote production. 




























































































































































































































































































































































































































































































































































































































































































benzo[a]pyrene in the atmosphere is generated by thermal generating plants, coke 
production and open burning (Ashok and Saxena, 1995). Half a ton of 
benzo[a]pyrene per year on a worldwide basis reaches the environment through 
petroleum refinery waste (Ashok and Saxena, 1995). 
1.1.4 Regulations for contamination of PAHs 
Criteria established for the removal or treatment of sites contaminated with PAHs 
vary widely within and between nations. Some countries undertake site 
assessments on a case-by-case basis with reference to any available local or national 
guidelines and land end-use. Others implement a uniform site assessment 
according to national clean-up criteria (Wilson and Jones, 1993). This variability in 
remedial goals for PAHs makes it difficult to comparatively evaluate bioremediation 
efforts and to ensure consistency of the bioremediation performance in the field. As 
compared with the existing procedure in the United States, both Europe and Canada 
have a more uniform set of criteria established (Crawford and Crawford, 1996). 
The clean-up criteria for PAHs in soil and groundwater adopted by different 
countries are summarized in Table 1.6 and Table 1.7 (Wilson and Jones, 1993； 
Mattney Cole, 1994; Crawford and Crawford, 1996). The Dutch A, B and C values 
are indicative of natural background levels (Dutch A), threshold levels warranting 
further investigation (Dutch B) and action levels indicating a need for remedial 
action (Dutch C). These same categories may be used to establish clean-up criteria 
which better facilitate the more effective use of bioremediation technologies. In 
contrast, there is much variability in the United States in establishing treatment 
standards for PAHs in soil and groundwater. In the proposed universal treatment 
standards (UTS) scenario, the USEPA offers three options for establishing alternative 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































of the UTS value, a 90 % or more reduction in the PAH concentration or a reduction 
of the PAH to less than 10 times of the UTS value and greater than 90 % removal of 
the PAH (Crawford and Crawford, 1996). 
1.1.5 Pollution of PAHs in environments of Hong Kong 
Hong Kong is one of the most important international shipping hubs in the South 
China Sea. The concurrent urban and associated industrial development, and 
population expansion have occurred at a rapid rate in recent years (Connell et al, 
1998a and 1998b). Over 6.5 million people squeeze into an area of less than 1,000 
W，only about 15 % of which is inhabitable (Zheng and Fang, 2000). Although 
marine oil spills happen rarely in Hong Kong, many locations in Hong Kong's 
coastal waters are no longer considered suitable for their designated beneficial uses 
but are contaminated with petroleum hydrocarbons (Wang, 1996; Zheng and 
Richardson, 1999). Prince (1997) documented that the total amount of oil released 
into the sea from catastrophic accidents was approximately the same as that 
introduced by natural oil seeps. Furthermore, it was far less than that released from 
municipal sources and general transportation. Pollutant sources appear to be stable 
and continuing input is anticipated given the nature of the human activities in Hong 
Kong (Zheng and Richardson, 1999). In view of industrialization and urbanization, 
the shipping activities, transportation of oil, and sewage, industrial and wastewater 
discharge are all likely sources of contamination (Wu, 1988; Hong et al., 1995; Wang, 
1996; Connell et al., 1998a and 1998b; Zheng and Richardson, 1999). 
In 1984，the Hong Kong Environmental Protection Department commenced 
monitoring the concentrations of the total PAHs and individual PAHs in marine 
sediments at 52 stations in ten water quality control zones and 13 stations in typhoon 
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shelters (Connell et al, 1998a and 1998b). The following PAHs have been reported 
in Hong Kong sediments: fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 
chrysene, benzo [k] fluoranthene, benzo [ajpyrene and benzo[g,h,i]perylene. 
Furthermore, statistical analyses indicate that the total PAHs were widely distributed 
in Hong Kong sediments at background concentrations of 40 |Lig/kg to 60 jug/kg wet 
weight and total PAHs up to 116 ^ig/kg wet weight were detected in Victoria Harbour 
and several other areas. Also, these 13 typhoon shelters at various locations, in 
almost all cases, contained substantial elevated levels with some ranging up to 1,159 
l^g/kg wet weight during 1995 and 1996 (Connell et al., 1998a and 1998b). For air 
pollution, Zheng and Fang (2000) documented that 15 PAHs were identified and 
quantified by gas chromatography-mass spectrometry (GC-MS) analysis in the total 
suspended particulates in Hong Kong collected from 1993 to 1995 at six rural and 
urban stations. The measured contents ranged from 0.41 ng/m^ to 48 ng/m^ with the 
highest average PAHs (28 n g W ) measured at the street-level station in Mong Kok 
indicating that vehicles were contributors for high concentrations of PAHs. 
As a whole, in spite of the relatively low concentrations of PAHs detected, these 
substances have probably caused damage to the marine ecosystem and significantly 
posed a risk to consumers of seafood harvested from the system (Connell et al., 
1998a and 1998b). Further, it is noteworthy that the deleterious effects are likely to 
be additive to those of other contaminates present such as polychlorobiphenyl and 
dichlorodiphenyltrichloroethane (Connell et al., 1998a). 
1.1.6 Toxicity of PAHs 
By 1976，more than 30 PAHs compounds and several hundreds derivatives of PAHs 
were reported to have acute toxic, carcinogenic and mutagenic effects, making PAHs 
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the largest single class of chemicals with significant environmental concerns 
(Bjorseth and Ramdahl, 1983; Wilson and Jones, 1993). It is found that the 
genotoxicity increases as the molecular size of the PAH increases up to four and 
more fused aromatic rings and the toxicological concern shifts towards chronic 
toxicity, primarily carcinogenesis (Sims and Overcash, 1983; Cemiglia, 1992; Ashok 
and Saxena, 1995; Kastner and Mahro, 1996; Wolter et al., 1997; Kastner et al., 1998; 
Stapleton et al, 1998; Gramss et al., 1999; Marquez-Rocha et al., 2000). Some 
PAHs with certain of their hydrogen atoms replaced by methyl groups are even more 
potent carcinogens than are the parental hydrocarbons (Bjorseth and Ramdahl, 1983). 
Moreover, compounds labeled as probable human carcinogen contains not only 
PAHs but also some of their derivatives containing the nitro group (-NO2) as a 
substitute. These substances are even more active carcinogens than the 
corresponding PAHs. For example, the nitrochrysene and dinitrochrysene 
molecules as shown below (Figure 1.2) are responsible for much of the mutagenic 
character of diesel exhaust, that is, its ability to cause mutations which can ultimately 
produce cancer (Bjorseth and Ramdahl, 1983; Sims and Overcash, 1983; Wilson and 
Jones，1993; Fetzer, 2000). These compounds are formed within the engines by the 
reaction of chrysene with NO2+ and N2O4 or nitrated by some of the constituents of 
photochemical smog. 
Many researches have established that the PAH molecules themselves are not 
carcinogenic agents (Wilson and Jones, 1993; Mattney Cole, 1994; Crawford and 
Crawford, 1996). Rather they must be transformed by several metabolic reactions 
in the body before the actual cancer-causing species produced. Those PAHs contain 
a 'bay-region' and a 'K-region', for example, phenanthrene as shown in Figure 1.3, 
chrysene, benz[a]anthracene and benzo[a]pyrene are the most potent carcinogens. 
19 
N02 NO2 
1 -nitrochrysene 1,8-dinitrochrysene 
Figure 1.2 Chemical structures of 1-nitrochrysene and 1,8-dinitrochrysene. 
Bay-region ^ 
8 9 X 
Phenanthrene \ 
K-region 
Figure 1.3 Bay- and K-regions of phenanthrene. 
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These regions are formed by the branching in the benzene ring sequence and have 
high electron density, thus imparting high degree of biochemical reactivity to PAHs. 
The bay- and K-region epoxides, which can be formed metabolically, are highly 
reactive both chemically and biologically (Wang, 1996; Samanta et al” 1999). 
These PAHs can be easily epoxidized in organisms by the actions of tissue-associated 
oxidase and arylhydrocarbon hydroxylase, forming biologically reactive 
intermediates. Subsequently, the stable cation which can bind to molecules such as 
DNA therefore induces cancer and mutations. Further, these compounds are 
suspected to be ultimate carcinogens in cases where carcinogenicity has been 
demonstrated (Wang, 1996; van Agteren et al., 1998; Samanta et al., 1999). 
PAHs can be absorbed through ingestion，inhalation and dermal contact to human 
beings (Sims and Overcash, 1983; van Agteren et al., 1998; Kelley et al., 1990). 
PAHs are primarily metabolized in the liver and kidney and then excreted in both bile 
and urine. Phenanthrene is known to be a human skin photo sensitizer and mild 
allergen. It is mutagenic to the bacterial system under specialized conditions. It 
has also been found to be an inducer of sister chromatid exchanges and a potent 
inhibitor of gap-junctional intercellular communication (Samanta et al” 1999). In 
addition to phenanthrene, other PAHs compounds, including benzo [ajpyrene, are of 
toxicological concerns because they are precursors to cancer-causing metabolites. 
Several reviews have been written on the risk assessment of benzo [ajpyrene and its 
metabolism and activation in mammalian systems. Benzo[a]pyrene has been shown 
to be carcinogenic by producing tumours in experimental animals when administered 
orally， by skin application, inhalation and/or intratracheal administration, 
subcutaneous and/or intramuscular administration, intraperitoneal administration, 
intrabronchial implantation and transplacental routes (Collins et al., 1991). 
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Moreover, earlier studies have indicated that benzo[ajpyrene is active in assays for 
DNA binding, sister chromatid exchange, chromosomal aberrations, sperm 
abnormality from tests in mammals in vivo. Although there are no epidemiological 
studies concerning the carcinogenicity of PAHs to human beings, data from animal 
bioassays have been extrapolated to estimate human cancer risk with the following 
assumptions (Juhasz and Naidu, 2000). 
1) Cancer is assumed to be irreversible and involves a number of biological stages. 
2) Cancer incidence increases with age. 
3) Rate of occurrence of each stage varies linearly with dose. 
4) Incidence of background and chemically induced cancer is assumed to be additive. 
5) Lifetime exposure time of the test animals. 
6) Surface area is roughly proportional to body weight. 
7) PAHs absorbed by the respiratory tract after inhalation is the same for mice and 
humans. 
1.1.7 Fate of PAHs 
Released PAHs are moderately persistent in the environment as shown in Table 1.2. 
They readily bind to soils and do not leach to ground water even though they have 
been detected in some ground water and drinking water. If released to water, they 
will adsorb very strongly to sediments and particulate matters (Cemiglia, 1992; 
Wilson and Jones, 1993). The possible fates of PAHs in the environment include 
adsorption to soil particles, volatilization, photooxidation, chemical oxidation, 
bioaccumulation, leaching and microbial degradation which interact according to the 
physical and chemical properties of PAHs (Figure 1.4) (Mihelcic and Luthy, 1988; 
Miller et al., 1988; Cemiglia, 1992; Wilson and Jones, 1993; Kochany and Maguire, 
22 
Polycyclic aromatic hydrocarbons 
Volatilization / / \ Microbial activity 
Photooxidatioy / \ Biodegradation 





Removal ^ ^ 
Figure 1.4 A schematic representation of the environmental fate of PAHs (Cemiglia, 
1992). 
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1994; Odum et al,, 1994; Ashok and Saxena, 1995; Witt, 1995; Wischmann and 
Steinhart, 1997; Zeng et al., 2000). Some of these processes are discussed in details 
as follows. 
1.1.7.1 Sorption 
Because of their hydrophobic nature, PAHs tend to be adsorbed by a strong but 
reversible association of organic xenobiotics to soils especially to the soil organic 
matter (Weissenfels et al； 1992; Eschenbach et al., 1994; Hatzinger and Alexander, 
1995; Kastner and Mahro, 1996; Nam et al., 1998). The mechanisms of binding or 
sorption processes of PAHs in soils are still not well studied. It is assumed that 
PAHs can be bound or sorbed to fUlvic or humic acids which are the chemicals most 
commonly involved in the binding interactions between organic compounds and soils 
(Bollag and Loll, 1983; Bollag et al,, 1992). Binding of PAHs to organic matters 
can occur by various mechanisms like sorption (van der Waals forces, hydrogen 
bonding and hydrophobic bonding), electrostatic interactions (charge transfer, ion 
exchange or ligand exchange), covalent bonding or combinations of forces (Tsezos 
and Bell, 1988; Moretti and Neufeld, 1989; Bollag et al., 1992; Eschenbach et al., 
1994; Ashok and Saxena, 1995). The nature and strength of bonding which 
predominates depend on not only the chemical and structural characteristics of the 
xenobiotics but also the soil environment (Bollag and Loll, 1983; Bollag et al., 1992). 
The xenobiotics may become trapped in molecular sieve or cavity-like structures of 
the organic macromolecules (Bollag and Loll, 1983). As a result of these, the 
availability of PAHs for other reactions is limited. Sorption coefficients have been 
highly related to the octanol-water partitioning coefficient of a compound (Ashok 
and Saxena, 1995). It is a ratio of the concentration of the compound in octanol to 
the concentration of that compound in water at equilibrium and can be used to 
predict if the compound is likely to be in water it will accumulate in organic 
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materials in soils, sediments and sludge (Mackay et al., 1992). The octanol-water 
partitioning coefficients of different PAHs shown in Table 1.1 indicate that most 
PAHs are likely present in organic phases and the values are increased with 
increasing the molecular weight or number of fused aromatic rings. 
1.1.7.2 Volatilization 
For most PAHs, volatilization occurs from the fraction which is sorbed from the soil 
water (Sims and Overcash, 1983; Ashok and Saxena, 1995). However, in the case 
of naphthalene, volatilization may also occur from a solid state. The rate of 
volatilization of chemicals from water bodies has been described by simple first 
order kinetics (Sims and Overcash, 1983; Bossert and Bartha, 1986). Bossert and 
Bartha (1986) studied the stmcture-biodegradability relationship for ten PAHs and 
reported that primarily volatilization but also abiotic-loss processes had a significant 
effect on the loss of 3-ring PAHs but not those with more than three rings. An 
inverse correlation between the number of fused aromatic rings in PAH molecules 
and their loss from soil was also established. In soil, the process is complicated due 
to the contribution of various mechanisms such as sorption and diffusivity as 
mentioned in Section 1.1.7.1. As the sorption of most PAHs, especially for those 
with high molecular weights, is high, very little amount of PAHs is available on the 
soil water for volatilization. In addition, the susceptibility of most PAHs to 
volatilization from the water phase as indicated by their Henry's law constant is low 
(Ashok and Saxena, 1995). 
1.1.7.3 Photooxidation 
PAHs absorb light strongly in the visible or near ultraviolet part of the spectrum. 
Absorption maxima are shifted to longer wavelengths with larger molecular size. 
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Substituents also alter the spectral properties of PAHs, but these alterations depend 
on the nature of the substituent and its substitution position in the aromatic ring 
system (Miller et al.，1988; Kochany and Maguire, 1994; Odum et al., 1994). The 
absorption of solar radiation of wavelength greater than 290 nm indicates that direct 
photochemical reaction is possible. As stated by Kochany and Maguire (1994), 
increasing the oxygen concentration, temperature, illumination and exposure time 
can enhance the extent of photodegradation. Water depth as well as daily and 
seasonal fluctuations of solar radiation are also important factors. In water, this 
process is a linear function of light intensities and exhibits first order kinetics (Ashok 
and Saxena, 1995). In view of low water solubility, most PAHs are readily sorbed 
to particulate matters in air and water when released to the environment through a 
number of sources such as incomplete combustion reactions and so sediments are the 
ultimate repository for PAHs (Beckles et al., 1998). Although PAHs may undergo 
photodecomposition in open waters, most sediment depositions occur below the 
photolytic zone. Therefore, this poses a considerable difficulty for the 
photodecomposition of PAHs (Wang, 1996). Gardner et al (1979) did a study on 
the photodegradation of the selected PAHs at different levels of sediments. They 
found that the removal of the PAHs was relatively rapid in upper surfaces than in 
lower parts and the buried PAHs in the bottom of sediments were persistent and 
ubiquitous. Such observation arouses a greater concern for the detrimental effects 
of the sorbed PAHs on aquatic life, particularly bottom feeder such as polychaetes, 
bivalves and crustaceans. Since PAHs become available to benthic and other 
organisms and are prone to bioaccumulation in aquatic food webs during the 
agitation of these sediments (Beckles et al., 1998). Furthermore, Moza et al. (1999) 
documented that the photolysis of naphthalene and phenanthrene dissolved in hexane 
and spread as a liquid film on water in the presence of air led to 30 % and 28 % of 
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the substrate degradation respectively. 
1.1.7.4 Chemical oxidation 
The chemical oxidation of PAHs and other organic water pollutants also depends on 
the concentration of singlet oxygen and other oxidants like organic peroxides, 
hydrogen peroxide, and peroxyl (RO.) and hydroxyl radicals ( OH). It is believed 
that these oxidants arise from photochemical processes. The concentration of 
oxidizing agents in natural waters will depend upon many factors, for example, solar 
irradiation, temperature and concentration of humic substances, and exhibit wide 
variations (Kochany and Maguire, 1994; Ashok and Saxena, 1995). Some 
inorganic salts and oxides, especially those of iron and manganese, can also be 
involved in the production of oxidants in natural waters, thus influencing the 
chemical oxidation of organic water pollutants including PAHs (Mihelcic and Luthy, 
1988; Kochany and Maguire, 1994; Wischmann and Steinhart, 1997). Apart from 
these，PAHs can react with various organic and inorganic oxidants including 
electrophiles, peroxides, nitrogen oxides and sulphur oxides. The chemical 
oxidation of PAHs has largely been investigated in the context of destruction by 
chlorination and ozonation. Ozonation has been seen as an alternative treatment for 
aqueous PAHs. Recent investigation has shown that 5 mg/L of ozone can 
effectively decompose PAHs and the main products are quinones, acids and diacids 
which are less toxic to aquatic organisms and less bioaccumulative as compared to 
PAHs (Kochany and Maguire, 1994). Moreover, kinetic studies showed that PAHs 
were removed within several to 30 minutes of ozonation with intermediates such as 
o-carboxybenzaldehyde and phthalic acid observed at low ozone dosage and oxalic 
and formic acid observed at higher ozone dosage (Zeng et al., 2000). 
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1.1.7.5 Microbial degradation 
Although PAHs may undergo adsorption, volatilization, photolysis and chemical 
oxidation, their degradation resulting from catabolism by pure cultures of 
microorganisms or from combined metabolism of microbial communities is the 
major decomposition process and has been studied for many years (Bumpus, 1989; 
Walter et al” 1991; Cemiglia, 1992; Bogan and Lamar, 1995; Collins et al,, 1996; 
Hofrichter et al, 1998; Yuan et al., 2000). These compounds can be totally 
degraded (mineralized) or be partially transformed by either a community of 
microorganisms or by a single microorganism. A wide variety of algae, bacteria 
and fungi show the ability to metabolize PAHs, for example, Coriolopsis gallica 
(Pickard et al., 1999)，Cunninghamella elegans (Cemiglia and Yang, 1984), 
Phanerochaete chrysosporium (Haemmerli et al, 1986; Hammel et al., 1992; 
Bumpus and Brock, 1988; George and Neufeld 1989; Dhawale et al., 1992; Barclay 
et al., 1995; McFarland and Qiu, 1995; Bogan et al., 1996)，Pleurotus ostreatus and 
Bjerkandera adusta (Bezalel et al., 1996; Bezalel et al, 1996a and 1996b; Andres et 
a/., 1999; Eggen, 1999; Schutzendubel et al., 1999; Marquez-Rocha et al., 2000), 
Pseudomonas cepacia (Juhasz et al., 1996), Sphingomonas paucimobilis (Ye et al., 
1996) and Stenotrophomonas maltophilia (Boonchan et al., 1998). In general, the 
extent and rate of biodegradation are increased with decreasing the molecular weight 
or number of fused aromatic rings of PAHs (Cemiglia, 1992; Erickson et al., 1993; 
Bouchez et al., 1995; Tiehm and Fritzsche, 1995; Trzesicka-Mlynarz and Ward, 1995； 
Juhasz et al., 1996; Eggen and Majcherczyk, 1998; Eggen and Sveum, 1999). 
Consequently, low-molecular-weight PAHs such as naphthalene and acenaphthylene 
are degraded more rapidly and easily than high-molecular-weight PAHs of five or 
more rings (Bossert and Bartha, 1986; Heitkamp and Cemiglia, 1988; Mueller et al., 
1989; Cemiglia, 1992; Muncnerova and Augustin, 1994). The microbial 
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degradation of PAHs such as naphthalene, phenanthrene, anthracene and 
acenaphthene has been well documented and the biochemical pathways have been 
elucidated. However, less is known about the microorganisms capable of utilizing 
high-molecular-weight PAHs as sole sources of carbon and energy for growth 
(Heitkamp and Cemiglia, 1988; Mueller et al., 1989; Cemiglia, 1992; Wilson and 
Jones, 1993; Muncnerova and Augustin, 1994; Juhasz et al., 1996; Juhasz and Naidu, 
2000). In addition to these, the microbial degradation of PAHs in aquatic and 
terrestrial ecosystems is strongly dependent on a wide variety of abiotic and biotic 
factors which include pH, temperature, soil type and texture, aeration, nutrients, 
bioavailability, previous chemical exposure, water availability, soil or sediment 
toxicity, physico-chemical properties of PAHs and seasonal factors (Manilal and 
Alexander, 1991; Walter et al,, 1991; Shuler and Kargi, 1992; Wilson and Jones, 
1993; Ashok and Saxena, 1995; Kastner et al., 1998; Stapleton et al., 1998; Zaidi and 
Imam, 1999; Horinouchi et al., 2000; Yuan et al., 2000). 
Schutzendubel et al (1999) investigated the degradation of PAHs in liquid cultures 
of Pleurotus ostreatus and Bjerkandera adusta during 7 weeks of cultivation and 
found that Bjerkandera adusta removed 56 % of fluorene and 38 % of anthracene 
while Pleurotus ostreatus degraded 43 % and 60 % of these compounds during only 
3 days of incubation. For soil contaminated with PAHs, 50 % ofpyrene (100 mg/kg 
dry soil), 68 % of anthracene and 63 % of phenanthrene were mineralized by 
Pleurotus ostreatus after 21 days of incubation as reported by Marquez-Rocha et al. 
(2000). 
Another study reported that after 16 hours of incubation with 10 mg/L of a PAH, the 
resting cell suspension (1 mg wet cells/mL) of Sphingomonas paucimobilis grown on 
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fluoranthene degraded approximately 80 %, 73 %, 32 %, 33 %, 13 % and 8 % of 
pyrene, benz [a] anthracene, chrysene, benzo [ajpyrene, benzo [b] fluoranthene and 
dibenz[a,h]anthracene respectively (Ye et al., 1996). Boonchan et al (1998) also 
documented that Stenotrophomonas maltophilia could degrade or transform 
high-molecular-weight PAHs containing up to seven benzene rings in the presence of 
non-ionic surfactants which were used to enhance the bioavailability of PAHs. 
1.1.8 General principles of metabolism of PAHs 
There are fundamental differences in the biochemical metabolism pathways of PAHs 
by microorganisms as shown in Figure 1.5. With reference to Ashok and Saxena 
(1995) and Crawford and Crawford (1996), bacteria and some green algae initiate the 
PAH oxidation by converting PAHs into c/^-dihydrodiol. This is brought about by 
incorporating both atoms of molecular oxygen catalyzed by a dioxygenase into the 
aromatic ring to produce a c/^-dihydrodiol which is then stereoselectively 
rearomatized through cw-dihydrodiol dehydrogenase to yield a dihydroxylated 
derivative. Further oxidation of c/^-dihydrodiol leads to the formation of a catechol. 
The metabolism of czj-dihydrodiols to catechols by bacteria involves 
NAD^-dependent dehydrogenation reactions. The catechol produced then follows 
ring fission by dioxygenase enzymes which cleave the aromatic ring to give aliphatic 
intermediates. Cleavage of these aromatic compounds occurs between the two 
hydroxyl groups (or^/zo-fission) or adjacent to one of the hydroxy! groups 
(meta-fission). Each of these enzymes is specific for one type of ring cleavage 
substrate. Therefore, different enzymes result in different aliphatic products 
(Cemiglia, 1992; Field et al； 1995). Since some PAHs like phenanthrene, pyrene 
and benzo[a]pyrene are complex fused ring structures, bacteria metabolize them at 




















































































































































































































































































































































are multi-component enzyme systems consisting of at least three proteins. 
Diverse groups of ligninolytic and non-ligninolytic fungi have the ability to oxidize 
PAHs and organic pollutants (McFarland et al., 1992; Bonnen et al., 1994; 
McFarland and Qiu, 1995; Minna Laine and Jorgensen, 1996 and 1997; Kastner and 
Mahro, 1996; Wischmann and Steinhart, 1997; Eggen, 1999; Harmsen et al., 1999; 
Reid et al., 1999; Potter et al., 1999). The sites of enzymatic attack, mechanisms, 
chemical intermediates and pathways for the metabolism of several PAHs have been 
extensively reviewed. As for non-ligninolytic fungi and prokaryotic algae, for 
example, cyanobacteria, the pathways of the PAH metabolism are generally similar 
to those used by mammalian enzymatic systems (Figure 1.5). Many 
non-ligninolytic fungi oxidize PAHs via a cytochrome P-450 monooxygenase by 
incorporating one atom of the oxygen molecule into the PAH to form an arene oxide 
and the other atom into water (Stringfellow and Aitken, 1995; Crawford and 
Crawford, 1996; Samanta et al, 1999; Juhasz and Naidu, 2000). Cytochrome 
P-450 occurs in fungi including Cunninghamella bainieri, Cunninghamella elegans, 
Aspergillus ochraceus and the yeast Saccharomyces cerevisiae (Muncnerova and 
Augustin, 1994; Pointing and Hyde, 2001). The monooxygenases like the bacterial 
aromatic ring dioxygenases are complex, multi-component systems usually 
membrane-bound with broad substrate specificity (Crawford and Crawford, 1996). 
In general, arene oxides are unstable in aqueous solutions, therefore undergoing 
either non-enzymatic rearrangement to form phenols which can be combined with 
glucose, sulfate, xylose or glucuronic acid or enzymatic hydration via epoxide 
hydrolase, which is an enzyme produced by fungi, to form ,ra«&dihydrodiols 
(Haemmerli et al” 1986; Hammel et al., 1996; Pickard et al., 1999). This reaction 
appears to be similar to that reported for mammalian enzymatic systems (Wilson and 
32 
Jones, 1993; Muncnerova and Augustin, 1994; Crawford and Crawford, 1996). It is 
believed that a diverse group of non-ligninolytic fungi is capable of oxidizing PAHs 
to 广raw^s-dihydrodiols, phenols, tetralones, quinones, dihydrodiol epoxides and other 
conjugates of the hydroxylated intermediates, but only few of them can completely 
degrade PAHs to carbon dioxide (Dhawale et al., 1992; Hammel et al., 1992; Bogan 
et al., 1996; Stapleton et al., 1998). The toxicity of conjugates produced is lower 
than that of parental compounds (Muncnerova and Augustin, 1994). For example, 
Cunninghamella elegans, a best-studied non-ligninolytic fungus, metabolizes PAHs 
of from two to five aromatic rings. It does not utilize PAHs as the sole source of 
carbon and energy but transforms or cometabolizes these compounds to less toxic 
compounds (Crawford and Crawford, 1996). 
The ligninolytic fungi which cause white-rots of wood have been examined for their 
degrading ability for PAHs under ligninolytic and non-ligninolytic cultural 
conditions (Dhawale et al., 1992; Hammel et al, 1992). The initial attack on PAHs 
under culture conditions which favor lignolysis is catalyzed by non-specific 
extracellular enzymes known as laccase, lignin peroxidase (LiP), manganese 
peroxidase (MnP) and other H202-producing peroxidases (Dhawale et al., 1992; 
Collins et al” 1996; Hammel et al., 1996; Eggen, 1999; Novotny et al., 1999; 
Pickard et al., 1999; Schutzendubel et al., 1999; Pointing and Hyde, 2001). Lignin 
peroxidases in the presence of H2O2 (endogenously generated) can remove one 
electron from a PAH molecule such as anthracene, pyrene and benzo [ajpyrene to 
create an aryl cation radical which undergoes further oxidation to form a quinone 
(Field et al., 1995; Pointing and Hyde, 2001). They have been shown to oxidize 
PAHs which have the ionization potential (IP) values of less than 7.35 eV to 7.55 eV 
(Cemiglia, 1992; Dhawale et al., 1992; Hammel et al., 1992; Bogan et al., 1996; 
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Hammel et al., 1996; Gramss et al., 1999; Pickard et al., 1999). Interestingly, 
phenanthrene, which has the IP value of 8.03 eV and is not regarded as a substrate 
for LiP (Dhawale et al., 1992; Hammel et al., 1996; Pickard et al., 1999; 
Schutzendubel et al,, 1999), is oxidized by Phancerochaete chrysosporium (a best 
studied strain of ligninolytic fungus) at the C-9 and C-10 positions to 
phenanthrene-9,10-quinone which is then metabolized to give 2,2'-diphenic acid as a 
ring cleavage product (Cemiglia, 1992; Muncnerova and Augustin, 1994; Crawford 
and Crawford, 1996; Juhasz and Naidu, 2000). Further studies have shown that 
2,2'-diphenic acid is formed from phenanthrene via an extracellular MnP-mediated 
lipid peroxidation. Other enzymes such as cytochrome P-450 monooxygenase and 
epoxide hydrolase, appear to be involved in the phenanthrene degradation when P. 
chrysosporium is grown under non-ligninolytic conditions since intermediates such 
as optically active ^ran^-dihydrodiols and phenols are isolated from the culture broths 
(Crawford and Crawford, 1996). This observation indicates that several enzymatic 
mechanisms may occur in P. chrysosporium for the initial oxidative attack on PAHs 
(Cemiglia, 1992). 
According to Cemiglia (1992) and Crawford and Crawford (1996)，cyanobacteria 
(blue-green algae) and eukaryotic algae oxidize PAHs under photo autotrophic 
conditions to form hydroxylated intermediates. The metabolisms of naphthalene 
and phenanthrene by cyanobacteria are similar to those reported for mammalian and 
fungal enzymes. In contrast, a freshwater green alga Selenastrum capricornutum 
grown under photo autotrophic conditions oxidizes benzo [ajpyrene to 
cw-dihydrodiols with the predominant isomer being 
cis-11,12-dihydroxy-11,12-dihydrobenzo [a]pyrene. The formation of 
cz5-dihydrodiols suggests a dioxygenase similar to that found in heterotrophic 
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procaryotes rather than the monooxygenase found in cyanobacteria and eukaryotes. 
Although the level of these mechanisms is very low, both prokaryotic and eukaryotic 
algae are very important in the overall degradation of PAHs since they are usually 
found in high abundance and widely distributed in aquatic ecosystems. 
1.2 Spent mushroom compost (SMC) 
1.2.1 Production of SMC 
Human beings have consumed mushrooms as a part of the normal diet for thousands 
of years and in recent times more mushroom species have been exploited (Miles and 
Chang, 1997). Large-scale commercial mushroom cultivation has spread to over 80 
countries around the world with an annual yield of Agaricus bisporus (the most 
popular cultivated edible mushroom) in 1991 of 1.6 million tons (fresh weight) (Ball 
and Jackson, 1995), but reaching 2,383,710 metric tons in 2000 (Chiu et al., 2000). 
In Ireland, one of the famous countries for mushroom cultivation, this industry is 
worth more than seven million pounds annually and employs over 9,000 people. As 
this industry continues to expand, the safe disposal of the concomitant spent 
mushroom compost (SMC) is becoming increasingly problematic. The substrate left 
behind after the harvest of mushrooms is known as SMC. Since intensive 
agricultural enterprises such as mushroom production generate huge volumes of 
organic wastes, environmental friendly approach of waste management for this SMC 
is of urgent need (Okeke et al., 1993; Bonnen et al., 1994; Semple and Fermor, 1995; 
Minna Laine and Jorgensen, 1996 and 1997; Miles and Chang, 1997). 
Figure 1.6 shows how the spent compost of Pleurotus pulmonarius (commonly 
known as oyster mushroom) is produced. The purpose of composting is to prepare 
a substrate which promotes the growth of mushroom mycelia while excluding other 
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microorganisms (Ball and Jackson, 1995). The production compost for mushrooms 
of Pleurotus pulmonarius is perfermented for 2 days and composed of straw, wheat 
bran and lime mixed at a ratio of 44:5:1 w/w and then combined with 1:5 volume of 
water (about 60 %) (Chin et al” 1998). The fermented straw is sterilized before the 
inoculation of oyster mushroom mycelia. A fully grown CM plate culture is used as 
an inoculum (Chiu, et al., 1998). After the harvest of mushroom crops, the solid 
compost material is left behind. The compost used for mushroom cultivation varies 
from species to species (Ching, 1997). Some mushrooms are cultivated using a 
compost made up of sawdust, but some from that composed of wastepaper. 
1.2.2 Physical and chemical properties of SMC 
Table 1.8 and Table 1.9 summarize the selected physical and chemical properties of 
SMC from five farms in Canada (Chong and Rinker, 1994), and from Ching (1997) 
and Kuo and Regan (1998) respectively. For the physical properties, it is obvious 
that SMC has a high porosity and is lightly basic with a pH ranging from 7.0 to 8.0. 
In addition to this, SMC consists of the organic content of about 20 % which include 
cellulose, hemicellulose and lignin (Ching, 1997; Kuo and Regan, 1998). Moreover, 
SMC is rich in macro-nutrients such as sodium, potassium, calcium and phosphorus. 
These nutrients are very important for plant growth since they help establish the 
osmotic potentials for water uptake, contribute to the structures and functions of 
proteins and certain coenzymes, and act as a key element in the regulation of cell 




Straw 88 % + wheat bran 10% + lime 2 % 






Inoculation of mushroom mycelia 
，r 
Harvest of mushrooms 
1 r 
SMC of oyster mushroom 
Figure 1.6 A general flowchart showing the production of SMC of oyster mushroom 
(Ching, 1997). 
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Tabic 1.8 Physical and chemical properties of SMC from five rcpresentalivc 
mushroom (amis in Canada (Chong and Rinkcr, 1994). 
Average Range 
Physical properties 
Bulk density (g/cn?) 0.26 0.22-0.26 
Air pore space (%) 39 31-35 
Water pore space (%) 47 41-55 
Total pore space (%) 86 84-89 
Shrinkage (cm) 4.4 4.1-5.0 
pH 8.1 8.0-8.2 
Electrical conductivity (mS) 6.2 4.9-8.3 
Chemical properties 
Carbon (o/o) 22 19-24 
Nitrogen (o/o) 2.1 1.7-2.6 
C:N ratio 10.5 9.4-12.1 
Metal contents (mg/L) 
Sodium 329 244-460 
Potassium >999 >999 
Magnesium 229 140-347 
Calcium 623 465-790 
Manganese 0.5 0.2-0.9 
Iron 2.6 1.4-4.7 
Copper 0.5 0.2-1.1 
Zinc 0.5 0.2-0.8 
Water-soluble anions (mg/L) 
Phosphorus 7.2 1.2-12.5 
Sulphate >800 >800 
Chloride 1,327 895-1,825 
Ammonium-nitrogen 179 40-226 
Nitrate-nitrogen 64 14-252 
# 
Extract of 1 part substrate to 2 parts of water 
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Table 1.9 Physical and chemical properties of SMC determined from two studies. 
Average^ Average*^ 
Physical properties 
Total water content (%) 60.5 
Total solid (%) 39.5 
pH 7.8 7.5 ±0.5 
Electrical conductivity (|liS) 830 ± 1 
Ash content (%) 19.7 72.92 ± 0.09 
Chemical properties 
Carbon (o/o) 19.8 23.6 ±0.9 
Hydrogen (%) 4.06 士 0.23 
Nitrogen (o/o) 5.99 士 3.29 
Metal contents (mg/g) 
Sodium 1.32 ±0.28 
Potassium 1.82 4.47 ± 0.58 
Calcium 14.6 30.13 ±5.83 
Chromium 0.084 0 ± 0 
Manganese 2.20 士 0.45 
Iron 2.34 士 0.64 
Copper 0.03 
Zinc 0.072 8.4 ±8.3 
Lead 0.091 
Cadmium 0 士 0 
Water-soluble anions (mg/g)  
Orthophosphate 0 6 5 2 士 0.031 
^ Agaricus bisporus (Kuo and Regan, 1998) 
b Pleurotus pulmonarius (Ching, 1997) 
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After mushrooms have been harvested, the spent compost is always sterilized to 
remove any microorganisms inhabited in the compost such as actinomycetes, 
bacteria, fungi and mushroom mycelium, and to kill pests, pathogens and weed seeds 
which may cause mushroom diseases (Kuo and Regan, 1992; Semple and Fermor, 
1995). However, about 24 % - 30 % of these microbes still survive and are 
relatively resistant to the sterilization process (Kleyn and Wetzler, 1981). In 
addition, some air-bome microorganisms may be accidentally trapped in the compost 
when the compost is air-dried. Therefore, it is believed that SMC contains not only 
a variety of microorganisms including actinomycetes, bacteria and other fungi other 
than the mushroom species, but also a considerate amount of the non-specific 
extracellular enzymes which are capable of degrading various organic compounds 
(Bonnen et al, 1994; Ball and Jackson, 1995; Semple and Fermor, 1995; Minna 
Laine and Jorgensen, 1996 and 1997; Ching, 1997; Miles and Chang, 1997). 
1.2.3 Availability of SMC 
After World War II, mushroom production began a steady growth from the figure of 
350,000 tons (fresh weight) produced in 1965 to 4.3 million tons (fresh weight) in 
1991 as illustrated in Figure 1.7. This dramatic increase was due to many factors, 
for example, the development of large mechanized farms in many Western countries 
and an expansion of the number of mushroom species brought under cultivation at a 
commercial level and marketing techniques which extolled the nutritional merits of 
mushrooms (Miles and Chang, 1997). Mushrooms have been widely cultivated for 
many years all over the world especially the Netherlands, France, England, China, 
Japan and the USA (Okeke et al., 1993; Harmsen et aL, 1999). Among them, China 
is the leading producer of the edible mushrooms with cultivation of more than 2 
million tons in 1994 (Miles and Chang, 1997). Table 1.10 shows the production of 
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Figure 1.7 Annual world production of cultivated edible mushrooms (1965-1991) 
(Miles and Chang, 1997). 
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Table 1.10 Production of edible mushrooms and estimated amounts of SMC 
generated in the European and Asian countries, and the USA. 
Edible mushrooms (tons) SMC (tons)# 
European countries^ 
The Netherlands 190,000 950,000 
France 187,000 935,000 
England 114,000 570,000 
Italy 87,000 435,000 
Germany 60,000 300,000 
Spain 55,000 275,000 
Ireland 42,000 210,000 
Belgium 30,000 150,000 
Denmark 8,000 40,000 
Greece 1,500 7,500 
Portugal ^ 2,500 
一 Sub total 775,000 3,875,000  
Asian countries 
China 2,245,800 11,229,000 
Japan 336,430 1,682,150 
Indonesia 118,800 594,000 
South Korea 92,000 460,000 
Thailand 89,600 448,000 
Taiwan 71,800 359,000 
Sub total 2,954,430 14,772,150 
USAe 344,717 1,723,585 
Estimated production of SMC calculated on a basis that 5 kg of the residual 
substrate for every kilogram of mushrooms was produced (Harmsen et al., 1999) 
a Gerrits (1994) 
b’c Miles and Chang (1997) 
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cultivated edible mushrooms and the estimated amounts of SMC generated in the 
different countries of Europe in 1993 (Gerrits, 1994), and Asian countries and the 
USA in 1994 (Miles and Chang, 1997). The amount of SMC produced is estimated 
based on an assumption made by Harmsen et al. (1999) that for every kilogram of 
mushrooms, 5 kg of the residual substrate was produced. From Table 1.10, it is 
easily seen that about 3.9 million tons of SMC was produced in the European 
countries in 1993, 14.8 million tons in China and 1.7 million tons in the USA in 1994 
as a result of the extensive mushroom cultivation. Compared to the figure reported 
by Luo (1992) for the estimated production of SMC in China in 1991 (approximately 
755,000 tons), the amount of SMC generated was almost doubled. In the present 
study, the spent compost of oyster mushroom Pleurotus pulmonarius is tested as a 
bioremediating agent to remove PAHs. According to Miles and Chang (1997), the 
production of oyster mushrooms was the third most popular cultivated edible 
mushroom just behind those of Agaricus bisporus (button mushroom) and Lentinula 
edodes (shiitake mushroom) in 1994 and shared 16 % of the total production of 
different edible mushrooms. 
1.2.4 Conventional applications of SMC 
There are many beneficial uses for SMC. Basically, the uses of the spent compost 
fall into three main categories: as a fertilizer for its nutrient content, as a soil 
amendment to improve the physical properties of soil, for example, water infiltration 
rate，water holding capacity, bulk density, permeability and aeration, and as fodder 
for livestock (Miles and Chang, 1997). As mentioned earlier, SMC is rich in some 
important nutrients such as potassium, phosphorus and nitrate which are very 
important for plant growth, making it desirable for use as a fertilizer. It has been 
demonstrated that when the spent compost of straw mushrooms was added to soil, 
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the yield of tomatoes was increased by 7-fold, lettuce and Chinese radish each by 
3-fold (Gerrits, 1994; Ching, 1997; Dan and Ofer, 1997; Miles and Chang, 1997; 
Reed and Keil, 2000). Besides, adding SMC to the market garden soil or soil 
lacking in organic matters as a soil amendment brings about lots of positive effects 
because it is a source of the humus formation which is very important in improving 
the soil aeration and water holding capacity, increasing the cation exchange capacity 
and in the maintenance of structure (Dan and Ofer, 1997). 
Another common application of SMC is to act as fodder for livestock. It has been 
pointed out that the delignification of certain woods occurs to such an extent under 
natural conditions by Ganoderma applanatum that the wood can be used directly as 
an animal feed. The in vitro digestibility of wood was increased from 3 % to 77 % 
in some cases. Through the activity of white-rot fungi which have the ability to 
break down lignin (Dhawale et aL, 1992; Muncnerova and Augustin, 1994; Field et 
a/., 1995; Crawford and Crawford, 1996; Eggen and Majcherczyk, 1998; Eggen, 
1999; Eggen and Sveum, 1999; Novotny et al； 1999), the waste compost has been 
converted to a form which can be used a feed for cattle and other farm animals 
(Miles and Chang, 1997). 
After suitable treatment, SMC can be used as a partial substitute for peat in artificial 
media for growing flowers, vegetables and saplings (Dan and Ofer, 1997). 
Furthermore, SMC is excellent to spread on top of newly seeded lawns since it can 
provide shelters against birds eating the seeds and hold the soil water while the seeds 
are germinating due to its high water holding capacity. 
1.2.5 Alternate use of SMC 
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Apart from acting as mulch for ornamental plants, soil amendment for horticultural 
and agronomic crops, and potting soil and landscaping material, the environmental 
benefits of using SMC in bioremediation have been extensively studied recently 
(Bonnen et al., 1994; Minna Laine and Jorgensen, 1996 and 1997; Miles and Chang, 
1997; Reed and Keil, 2000). As claimed by Dan and Ofer (1997), SMC has a 
chemical ability to adsorb organic and inorganic pollutants and also contains a 
microbial population which can degrade a number of them. Many studies have 
demonstrated that SMC was capable of breaking down the organopollutants, for 
example, benzene (Semple et al., 1998), carbaryl and 1-naphthol (Kuo and Regan, 
1992 and 1998), pentachlorophenol (PCP) (Okeke et al, 1993; Semple and Fermor， 
1995; Ching, 1997; Chiu et al., 1998)，lignin, dichlorodiphenyltrichloroethane and 
various chemical dyes (McFarland et al., 1992; Bonnen et al., 1994), and PAHs 
(McFarland and Qiu, 1995; Minna Laine and Jorgensen, 1996 and 1997; Kastner and 
Mahro, 1996; Wischmann and Steinhart, 1997; Eggen, 1999; Harmsen et al., 1999; 
Reid et al； 1999; Potter et al., 1999). A wide range of lignin-degrading activities 
including peroxidase and phenol oxidase, and cellulose-degrading activities such as 
endoglucanase, cellobiosidase and P-glucosidase was recovered from blended 
compost extracts (Ball and Jackson, 1995). Also, some extracellular oxidative 
enzymes such as laccase, lignin peroxidase, manganese peroxidase and aryl-alcohol 
oxidase which are capable of degrading organopollutants including PAHs (the target 
class of pollutants in the present study) were found in the residual substrate from 
mushroom farms (Bonnen et al., 1994; Minna Laine and Jorgensen, 1996 and 1997; 
Miles and Chang, 1997; Eggen, 1999; Harmsen et al., 1999). 
Eggen (1999) investigated the removal ability of the flingal inoculum, Pleurotus 
ostreatus, obtained from two commercial oyster mushroom producers towards the 
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PAHs with different numbers of aromatic rings and the effect of organizing soil and 
substrate in layers or mixing it together. From the results, when the spent compost 
was mixed with the creosote-contaminated soil, the following removal occurred after 
7 weeks of incubation at ambient temperature: 86 % of total 16 PAHs, 89 % of 3-ring 
PAHs (acenaphthylene, acenaphthene, fluorene, phenanthrene and anthracene), 87 % 
of 4-ring PAHs (fluoranthene, pyrene, chrysene and benz [a] anthracene) and 48 % of 
5-ring PAHs (benzo[a]pyrene, benzo[b]fluoranthene, benzo[k]fluoranthene and 
dibenzo[a,h]anthracene). Apart from these, 4- and 5-ring PAHs were degraded 
better when the fungal substrate and soil were homogenized rather than layered. 
Another research found out that in soil with medium high PAH concentration (2,000 
mg/kg dry weight), the spent fungal substrate demonstrated higher removal ability 
for high-molecular-weight PAHs than in soil with high initial concentration (26,000 
mg/kg dry weight): 87 % compared to 32 % for 4-ring PAHs and 48 % compared to 
21 o/o for 5-, 6-ring PAHs respectively (Eggen and Majcherczyk，1998). Moreover, 
the results showed that the most efficient PAH degradation was obtained during the 
first week of incubation and a prolonged incubation time had limited effect. 
The application of SMC in bioremediation is further confirmed by Kastner and 
Mahro (1996) and Wischmann and Steinhart (1997). Both of which highlighted the 
importance of the solid organic matrix in composts to enhance the degradation of the 
PAHs as soil/compost microflora exhibited much lower degrading activity than in the 
presence of the solid organic material. In the latter study, the soil supplemented 
with compost greatly improved the elimination of all PAHs monitored. After 15 
weeks experimental time, only 11 % of benz[a]anthracene, 19 % for chrysene and 54 
o/o of benzo [a]pyrene were found in the residues. 
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Although these above studies showed promising results that the spent compost was 
of potential use in bioremediation systems, it is worth paying special attention to the 
formation of the breakdown intermediates and incompletely oxidized compounds 
since they might be more toxic or odorous than the parental compounds (Walter et al,, 
1991; Lu et al., 1993; Dreyer et al” 1995; Wischmaim and Steinhart, 1997). 
Therefore, it is possibly misleading to evaluate the effectiveness of the detoxification 
treatment without monitoring the transformation products. 
In addition to biodegradation, the mushroom species on the spent substrate and the 
compost itself could be acted as sorbents for heavy metals such as iron, copper, 
cadmium, lead and zinc (Muraleedharan et al., 1995; Volesky and Holan, 1995; 
Ching, 1997), herbicides like pentachloronitrobenzene (Lievremont et al., 1998)， 
2,4-dichlorophenoxyacetic acid, 2,4-dichlorophenol, 4-chlorophenol and atrazine 
(Benoit et al., 1998), PCP (Ching, 1997; Chiu et al., 1998) as well as synthetic dyes 
(Bumpus and Brock, 1988; Banks and Parkinson, 1992). Various structural 
constituents associated with cell walls of fungi include glucans, glucoproteins, 
proteins and chitin or chitosan (Banks and Parkinson, 1992; Guibal et al., 1995; 
Holan and Volesky, 1995; Cheng, 1998). Among them, two kinds of functional 
groups responsible for sorption can be distinguished: weakly reactive molecules like 
lipids or glucans of which the hydroxides are reactive and strongly reactive 
molecules such as glucuronic acids, amino acids, proteins, chitin and derivative 
products (Guibal et al, 1995). However, it is believed that the major sorbing 
abilities of SMC are attributed to the presence of the functional groups including 
amine, amide or carboxylic acids. Furthermore, phosphorylated groups which are 
abundantly present as parts of galactans not only in cell walls but also in exocellular 
polysaccharides and sulfhydryl groups of various non-structural compounds are 
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suggested to get involved in adsorption processes (Tobin et al., 1984; Holan and 
Volesky, 1995). Binding of pollutants to the fungal mycelia and/or SMC can occur 
possibly by van der Waals forces, hydrogen bonding, hydrophobic bonding, 
formation of charge transfer complexes, ion exchange, covalent bonding or 
combination of these reactions, but the relative role of each mechanism is difficult to 
distinguish and still uncertain (Stringfellow and Alvarez-Cohen, 1999). 
1.3 Objectives of the study 
This study was aimed at investigating the feasibility of using SMC of oyster 
mushroom Pleurotus pulmonarius strain PL-27 as a bioremediating agent to remove 
PAHs from artificially contaminated soil and water systems. In the light of the 
limitation of time and effort, four PAHs were chosen as the model compounds for 
investigation in the present study among 16 PAHs certified by the USEPA. They 
included naphthalene, phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene whose 
chemical structures are shown in Figure 1.1. In addition, the detailed physical, 
chemical and biological properties of these PAHs are depicted in Table 1.11. 
The environmental fate of PAHs depends on many extrinsic and intrinsic factors 
which determine the rate and extent of their transformation and mineralization. 
These factors include the physico-chemical properties of PAHs such as their structure, 
molecular size, number of fused aromatic rings, ring arrangement, water solubility, 
lipophilicity, volatility, concentration and the presence of substituents (Bossert and 
Bartha, 1986; Ashok and Saxena, 1995; Trzesicka-Mlynarz and Ward, 1995; Ye et al,, 
1996; Zaidi and Imam, 1999; Yuan et al., 2000). Equally importance will be to 
understand how environmental factors such as the soil structure and texture, pH, 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































nutrients influence the rate and extent of the PAH removal (Manilal and Alexander, 
1991; Walter et al, 1991; Shuler and Kargi, 1992; Ashok and Saxena, 1995; Kastner 
et < 1998; Stapleton et al., 1998; Zaidi and Imam, 1999; Horinouchi et al,, 2000; 
Yuan et al., 2000). 
1.4 Research strategy 
Out of several factors, five important parameters including the PAH concentration, 
amount of straw SMC, initial pH, incubation time and incubation temperature were 
chosen and their effects on the removal of individual naphthalene, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene by straw SMC were examined. Apart 
from these, to facilitate the investigations, other supplementary tasks were carried out 
and the information obtained was used in the interpretation of the results. Some of 
them are discussed in details below. 
1.4.1 Effect of initial PAH concentration 
For the effect of the PAH concentration, a wide range of the PAH concentration was 
examined, from 10 mg/kg to 2,500 mg/kg in soil and from 5 mg/L to 125 mg/L in 
water. These tested concentrations were higher than the proposed universal 
treatment standards (UTS) for PAHs in contaminated sites by the United States. As 
stated in Table 1.7, the UTS for the clean-up of soil and groundwater were between 
1.8 mg/kg and 8.2 mg/kg (dry weight) and between 0.0055 mg/L and 0.11 mg/L 
respectively (Crawford and Crawford, 1996). It is worthwhile noting that the use of 
2,500 mg/kg of the PAH in the present study was regarded as an imitation of the 
accidental oil and petroleum spillage and Bjorseth and Ramdahl (1983) stated that 
the amount of PAHs found in contaminated soils was largely dependent on the 
industrial activities nearby. Those associated with wood-preservative processes and 
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gas works had extreme high concentrations of PAHs up to 3,500 mg/kg (Wilson and 
Jones, 1993). Therefore, this was aimed at investigating the capability of straw 
SMC to perform under this situation. 
1.4.2 Effect of initial pH 
Certain enzymes have ionic groups on their active sites and these ionic groups must 
be in a suitable form (acid or base) to function. Variations in the pH of the medium 
result in changes in the ionic form of active sites and three-dimensional shape of 
enzymes, therefore changing the activity of enzymes. For these reasons, enzymes 
are only active over a certain pH range which affects biodegradation (Manilal and 
Alexander, 1991; Walter et al., 1991; Shuler and Kargi，1992; Kastner et aL, 1998; 
Stapleton et al,, 1998; Zaidi and Imam, 1999). 
Although many studies have suggested that the pH of 7.0 or near neutral is optimal 
for the growth of microorganisms and biodegradation of PAHs such as pyrene 
(Weissenfels et al., 1990; Walter et al., 1991; Ashok and Saxena, 1995), the 
occurrence of the PAH metabolism in extremely acidic environments is not 
uncommon. Kastner et al. (1998) revealed that the shift of the pH from 5.2 to 7.0 
did not lead to any inhibition of the degradation of anthracene and pyrene in soil, and 
the ligninolytic fungi, Lentinula edodes and Phanerochaete chrysosporium, exhibited 
optimal abilities on the biotransformation of pentachlorophenol in soil at the initial 
pH of 4.0 (Okeke et al., 1996). Moreover, Stapleton et al (1998) reported that even 
at the reduced pH of 2.0 which commonly occurred in areas greatly impacted by 
runoff from the storage basin, the indigenous microbial community was 
metabolically active, showing the oxidizing ability to degrade 40 % of naphthalene 
and toluene to carbon dioxide and water. These observations were further 
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supported by Walter et al (1991) that the initial dioxygenase showed a high tolerance 
against extreme pH values. It retained more than 65 % of its maximum activity 
between pH 5.5 and 9.0. Nevertheless, a remarkably strong inhibition of the 
phenanthrene degradation was observed when the seawater pH was adjusted to 10.0 
(Zaidi and Imam, 1999). 
Besides, biosorption is sensitive to the pH which induces chemical changes in 
surface properties of the sorbent relating to the surface charge of the sorbent, and 
degree of the ionization of the sorbate (Aksu and Yener, 1998 and 1999; Cheng, 
1998). The effect of the solution pH is extremely important when the adsorbing 
species is capable of ionizing in response to the prevailing pH. In general, the 
substances adsorb poorly when they are ionized due to the repulsion of adjacent 
molecules of the adsorbed species on the surface of the sorbent (Cooney, 1998). 
In view of these reasons, it is believed that changing the pH of the medium possibly 
brings about the simultaneous effects on both degradation and sorption of PAHs. 
1.4.3 Effect of incubation time 
Incubation time is also an important factor for the removal of PAHs. Nam et al 
(1998) reported that more of phenanthrene was remained after biodegradation took 
place in soil aged for 200 days than if it was not aged due to the lack of mobility of 
the phenanthrene molecules for microbial attack. In another study investigating the 
effect of aging of phenanthrene in soil on its biodegradability, the results showed that 
increasingly smaller amount of phenanthrene in soil was mineralized with increasing 
the duration of aging and aging also increased the resistance of phenanthrene to 
biodegradation and extraction (Hatzinger and Alexander, 1995). Moreover, Reid et 
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al. (1999) investigated the potential for the phase 2 mushroom compost to degrade 
phenanthrene in both slurry and soil systems and suggested that with increasing the 
compost-phenanthrene contact time there was an increase in the catabolic capability. 
Initially, mineralization was less than 2 %. However, after 7 weeks of 
compost-phenanthrene contact time, greater than 65 % of mineralization was 
observed. Microbes take up substrates far more readily from the fluid than the 
sorbed states. Therefore, it is no surprise that aged chemicals are resistant and less 
susceptible to degradation compared to freshly added chemicals and bioavailability 
has been considered to be a major limitation to complete bioremediation of 
contaminated soils over a number of years (Pignatello and Xing, 1996; Mahjoub and 
Gourdon, 1999). 
1.4.4 Effect of incubation temperature 
For the temperature effect, the rate of enzyme-catalyzed reactions for biodegradation 
increases with the temperature up to a certain limit. Above it, the enzyme activity 
decreases because of the denaturation of proteins (Shuler and Kargi, 1992; Ashok 
and Saxena, 1995). The incubation temperature of 30 °C has been reported to be 
optimal for microbial growth and PAH degradation (Weissenfels et al., 1990; Walter 
et al., 1991; Ashok and Saxena, 1995; Yuan et al., 2001). Further, in general, 
raising the temperature decreases adsorption since adsorption is an exothermic 
reaction and the adsorbed molecules have greater vibrational energies and therefore 
more likely to desorb from the surface of sorbents when the temperature is increased 
(Bell and Tsezos, 1987a and 1987b). 
1.4.5 Putative identification of intermediates and/or breakdown products 
Monitoring the disappearance rate of the target compound is not the most appropriate 
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parameter to classify the efficiency of the process. This parameter can be 
misleading since the formation of transient organic compounds may be more toxic 
than the parental compound (Jardim et al, 1997). In order to provide a more 
realistic scenario for the detoxification efficiency, the identification of intermediates 
and/or breakdown products formed during the treatment of the PAH samples with 
straw SMC in the soil and water systems by GC-MS analysis is undoubtedly 
necessary in the present study. 
GC-MS is a method for separating the components of the sample and measuring their 
relative quantites. Sample components are separated based on their boiling points 
and relative affinity for the stationary phase. The higher a component's affinity for 
the stationary phase, the slower it comes off the column (Braun, 1987; Skoog and 
Leary, 1992). 
1.4.6 Isotherm plots and fitting into monolayer models 
As mentioned in Section 1.1.7.1, adsorption is one of the PAH removal mechanism 
and the adsorption data can be interpreted using several mathematical relationships 
which describe the distribution of the solute between the liquid phase and the solid 
phase (Viraraghavan and Rao, 1991). Adsorption is a process by which material 
accumulates at the interface between two phases. These phases can be any of the 
following combinations: liquid-liquid, liquid-solid, gas-liquid and gas-solid. The 
adsorbing phase is called the adsorbent and any substances being adsorbed is termed 
as an adsorbate (Noll et al” 1991). Equilibrium studies on adsorption provide 
information on the capacity of adsorbents or the amount required to remove a unit 
mass of pollutant under the system conditions (Aksu and Yener, 1999). 
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When an adsorbent is contacted with a given volume of a liquid containing an 
adsorbate, adsorption occurs until equilibrium is achieved (Cooney, 1998). The 
equilibrium state is characterized by a certain solute concentration in the adsorbent 
{qe) and an associated final solute concentration in the liquid phase ( Q . Depending 
on the volume of the liquid involved, the initial solute concentration in the liquid and 
the amount of the adsorbent employed a wide range of 如 versus Q values may be 
obtained. These values of 如 and Q often can be fitted to one or more standard 
isotherm equations, usually, either the Langmuir or Freundlich equation, at a constant 
temperature, so that the 如 versus Ce relationship can be expressed in mathematical 
form (Aksu and Yener, 1998). In the present study, the adsorbent and adsorbate are 
straw SMC and PAHs respectively and the adsorption equilibrium data by SMC 
would be fitted into the following two monolayer adsorption isotherm models. 
1.4.6.1 Langmuir isotherm 
This was purposed by Langmuir (1914) for homogeneous adsorption. The 
Langmuir equation development has four important underlying assumptions (Noll et 
al., 1991). 
1) Adsorption occurs at definite localized 'sites' on the surface. 
2) Each site can bind only one molecule of adsorbing species. 
3) Energy of adsoiption (the strength of the bond created between the surface and the 
adsorbing species) is the same for all sites. 
4) There are no forces of interaction between adjacently adsorbed molecules. 
Since the number of 'sites' per unit weight of the adsorbent is fixed, adsorption can 
only take place until the condition is reached where every site is occupied. This 
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generally corresponds to the condition of one complete monolayer of coverage of the 
adsorbing species on the surface. Therefore, multilayer adsorption which is 
physically possible for certain systems such as those involving condensible gases is 
assumed not to occur. 
a - bCeq脆 T7 1 1 
一 l + bC Equation 1.1 
C.-C 
= M �厂 Equation 1.2 
where 
b = constant related to energy or net enthalpy of adsorption (L/g) 
Q = initial pollutant concentration in solution (mg/L) 
Ce = equilibrium pollutant concentration in solution after adsorption (mg/L) 
如 = a m o u n t of pollutant bound per unit dry weight of adsorbent at equilibrium 
pollutant concentration left in solution (mg/g) 
q醒=theoretical maximum uptake of solute per unit mass of adsorbent (mg/g) 
M = dry weight of adsorbent (g) 
V = reaction volume (L) 
Equation 1.1 can be transformed and written as 
Ce _ 1 I Q 
: Equation 1.3 
A plot of Ce/qe against Q will give a straight line with slope of Vq賺 and intercept 
of Vbqmax in a monolayer adsorption system. The Langmuir equation can be used 
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for describing equilibrium conditions for adsorption and for providing parameters, 
adsorption capacity {qmax) and adsorption affinity {b). These parameters can be 
used to compare the adsorption behavior quantitatively in different 
adsorbate-adsorbent systems for varied conditions within any given system. 
The essential characters of the Langmuir isotherm can be expressed by a 
dimensionless constant called equilibrium, Rl, which is defined by 
. — 1 
—1-hbC. Equation 1.4 
Rl values between 0 and 1 indicate favorable adsorption of pollutants (Bell and 
Tsezos，1987a and 1987b; Viraraghavan and Rao, 1991; Namasivayam and Kanchana, 
1992; Aksu and Yener, 1998 and 1999). 
1.4.6.2 Freundlich isotherm 
The Freundlich expression is an empirical equation based on adsorption on a 
heterogeneous surface suggesting that binding sites are not equivalent and/or 
independent. Moreover, there is no association or dissociation of the molecules 
after they are adsorbed on the surface and chemisorption which corresponds to the 
formation of strong ionic or covalent bonds is completely absent (Noll et al., 1991; 
McKay, 1996). Mathematically, the Freundlich equation is expressed by 
？e = K c f Equation 1.5 
where 
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K, n 二 Freundlich constants characteristic of system (indicating adsorption capacity 
and adsorption intensity respectively) 
Equation 1.5 can be lineralized in logarithmic form as follows 
Logq^ = LogK + Equation 1.6 
A plot of Log qe versus Log Ce will yield a straight line with a slope of l/n and an 
intercept of Log K. Values of 1 < w < 10 represent highly favorable adsorption for 
pollutants (Bell and Tsezos, 1987a and 1987b; Namasivayam and Kanchana, 1992; 
Aksu and Yener, 1998 and 1999; Cheng, 1998). 
1.4.7 Toxicological study by Microtox® test 
The toxicity of the PAH samples before and after treatment with SMC was also 
compared using Microtox® test. It is a commercially available toxicity test which is 
based on the reduction of the bioluminescence of a lyophilized (freeze-dried) marine 
bacterium, Vibrio fischeri NRRL B-11177, following exposure to toxicants. A 
photometer is used to measure the light output of the luminescent bacteria after 
exposure to a known concentration of the toxicant and compare it with the light 
production of a control (reagent blank) (Wang, 1996). The decrease in the light loss 
due to the metabolic inhibition indicates the degree of the toxicity of the toxicant 
(Microbics Corporation, 1992). The difference between these values is expressed 
as ECso (sample concentration which reduces the reagent light output by 50 %). 
This value is obtained by calculating or observing the output at which Gamma equals 
1.0 on the dose response curve. 
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Toxicity assays have been developed for various purposes. Ecological toxicity 
assays will monitor the impact of the pollutants from indigenous flora or fauna in the 
contaminated sites. In the laboratories, there are other toxicity model organisms for 
assays such as rat, guinea pig for tests. Microtox® test in comparison is a simple 
and semi-automated system for toxicity test. 
1.4.8 Removal of PAH mixtures 
In the present study, the removal of the selected PAHs by straw SMC has mainly 
focused on the individual compounds. Generally, however, where one hazardous 
organic compound has been found, the presence of other hazardous compound has 
also been observed (Bell and Tsezos, 1988). In petroleum-contaminated soils, 
different PAHs are found as a mixture and are also associated with many 
hydrocarbons, xenobiotic chemicals and heavy metals (Crawford and Crawford, 
1996; Beckles et aL, 1998). Therefore, any remediation effort must take into 
consideration that the interactions between PAHs in mixtures on biodegradation is 
important in understanding the fate of PAHs in intrinsic and engineered systems 
(Bauer and Capone, 1988; McNally et al., 1999). Potential effects include no 
impact at all (Ye et al,, 1996); negative effects including inhibition (Stringfellow and 
Aitken, 1995; Trzesicka-Mlynarz and Ward, 1995; Shuttlesworth and Cemiglia, 
1996); and positive effects such as cometabolism (Bouchez et aL, 1995; Tiehm and 
Fritzsche，1995; McNally et al., 1999; Samanta et al, 1999) and augmentation 
(Juhasz et al., 1996). Keeping this in view, the effect of co-occurring other PAHs 
on the degradation of the individual PAHs by straw SMC in both sterilized soil and 
water systems is necessarily examined in the present study. 
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1.4.9 Specific goals of the study 
In summary, the following tasks were performed, 
1) To characterize straw SMC and soil used in the present study; 
2) To examine the stability of naphthalene, phenanthrene, benzo [ajpyrene and 
benzo [g,h,i]perylene in the soil and water systems against incubation time and 
incubation temperature; 
3) To find out the optimal parameters for the removal of these four PAHs in both soil 
and water systems by investigating the effects of the initial PAH concentration, 
amount of straw SMC, initial pH, incubation time and incubation temperature on 
the removal efficiency and removal capacity; 
4) To identify the intermediates and/or breakdown products of biodegradation by 
SMC in the PAH-contaminated soil and water systems using GC-MS analysis and 
evaluate the correlation of the identified compounds and parental compound in the 
time course experiments; 
5) To fit into the monolayer adsorption isotherms, the Langmuir and Freundlich 
models, in order to check and predict the adsorption capacity of straw SMC and 
characteristics of adsorption; 
6) To determine the toxicity of four model PAHs before and after treatment with 
SMC in the soil and water systems using Microtox® test; 
7) To investigate the removal performance of straw SMC towards mixtures of the 
selected PAHs; 
8) To compare the removal abilities of different sorbents, namely, fermented straw, 
fruiting bodies and straw SMC, towards the target PAHs in the water system; and 
9) To compare the removal abilities of the raw and autoclaved straw SMC towards 
these PAHs in the water system. 
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2 Materials and Methods 
2.1 Materials 
Besides SMC which is the target biological material used throughout the study, two 
more materials from a mushroom process were used in some experiments. The 
fruiting bodies of oyster mushroom Pleurotus pulmonarius strain PL-27 after harvest 
were freeze-dried, grounded into fine powder and stored in a closely capped bottle 
which was then placed in a dessicator. The fermented straw for the production of 
mushrooms was prepared with 88 % straw, 10 % wheat bran, 2 % lime and 60 % 
water as illustrated in Figure 1.6. These ingredients were mixed and then placed in 
a plastic bag for 2 days to undergo composting (Ching, 1997; Chiu et al., 1998). A 
sample of the fermented straw was freeze-dried before storage as mentioned above. 
SMC was the solid waste generated after the harvest of mushrooms. It consisted of 
straw and mushroom mycelium. This spent compost left was torn into small pieces 
of about 0.5 cm manually and freeze-dried. The dried SMC was then stored in 
another sealed plastic bag which was then placed in a dry and dark container 
containing silica gel at room temperature until further use. 
The target PAHs were naphthalene (Sigma 48546) with a linear configuration, 
phenanthrene (Sigma 48569) with angular configuration, benzo [ajpyrene (Sigma 
48564) and benzo[g,h,i]perylene (Sigma 48491) with cluster configurations. 
Different concentrations of the PAH solutions were prepared by dissolving chemicals 
in HPLC grade acetone and stored in closely capped brown bottles at - 2 0 � C . 
2.2 Physical and chemical analysis of SMC 




1.0000 土 0.0002 g of straw SMC was soaked with 10 mL of ultra-pure water and 
incubated at 350 rpm for 2 days. The pH of the sample was measured using a pH 
electrode connected to a Coming 320 ion analyzer. 
2.2.2 Electrical conductivity 
The sample was prepared as in Section 2.2.1. Subsequently, it was filtered through 
a Whatman no. 1 filter paper. The electrical conductivity of the sample was 
determined with a Coming Checkmate conductivity measurement system. 
2.2.3 Salinity 
The salinity of the liquid sample as prepared in Section 2.2.1 was measured by an 
Atago hand refractometer. 
2.2.4 Ash content 
According to Ching (1997), the ash content of straw SMC was determined. A 
crucible was firstly heated at 100 °C for 6 hours and weighted. Straw SMC was 
grounded to fine powder in liquid nitrogen using a mortar and a pestle. 0 . 1 0 0 0 土 
0.0002 g of the powdered SMC was transferred to the crucible with care. 
Subsequently, the crucible was put in a furnace and heated at 500 °C for 3 hours. 
Afterwards, it was let to cool down to room temperature and weighted. The ash 
content of the sample could be calculated using the following mathematical equation. 
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Ash content(%)二 x 100% Equation2.1 
M 
where 
Wi = weight of empty crucible (g) 
Wf = weight of crucible containing ashed material (g) 
M = amount of material used (g) 
2.2.5 Metal contents 
The metal contents in straw SMC namely: sodium，potassium, calcium, chromium, 
manganese, iron, copper, zinc, lead and cadmium were determined in this experiment. 
The procedures were followed those described by Association of Official Analytical 
Chemists (1990). All glasswares and plasticwares were acid-treated prior to use. 
Acid-treatment was done by putting glasswares and plasticwares in an acid bath with 
10 o/o HCl overnight. They were then washed in an ultra-pure water bath and dried 
in an oven. Acid-digestion was performed in a chemical hood. 0.1000 士 0.0002 g 
of the powdered SMC was put in a digestion tube. Ten drops of ultra-pure water 
were added. Subsequently, 3 mL of 30 % H N O 3 was added drop by drop into the 
digestion tube which was placed in the digester at 100�C. The digestion tube was 
put back to the digester and ashed for 1 hour at 500 °C when there was no white 
gases emitted from it. After that, it was let to cool down to room temperature and 
10 mL of 10 % HCl was added to it. All contents in the digestion tube were 
transferred to a 50-mL volumetric flask and ultra-pure water was added to a final 
volume of 50 mL. The sample was then filtered through a Whatman no. 1 filter 
paper and stored in an acid-treated plastic bottle. The metal contents in the sample 
were measured using an atomic absorption spectrophotometer (Hitachi Zeeman 
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Z-8100). The actual metal concentration of the liquid sample could be determined 
from a standard calibration curve constructed by a series of concentrations of the 
standard solution. 
2.2.6 Water-soluble anion contents 
With reference to Ching (1997) and the manufacturer's manual, the fluoride, 
phosphorus, sulphate, chloride, bromide, nitrite and nitrate contents of straw SMC 
were determined by ion chromatography (Dionex LC20 chromatography system). 
The liquid sample was firstly prepared as in Section 2.2.1 and filtered through a 
0.45卞m Millipore filter membrane. It was then placed in an autosampler (Dionex 
AS40 automated sampler). Each sample could be automatically loaded into an 
lonPac anion exchange column. A mixed solution of 1.8 mM sodium carbonate and 
1.7 mM sodium bicarbonate were used as an eluent solution. The eluted anions 
were detected by a Dionex CD20 conductivity detector. At the same time, a 
mixture of the standard anion solutions (Dionex) was run in parallel. 
2.2.7 Carbon, hydrogen, nitrogen and sulfur contents 
The air-dried straw SMC was freeze-dried and grounded to fine powder in liquid 
nitrogen using a mortar and a pestle. The procedures were based on those described 
by Ching (1997) and the manufacturer's manual. First of all, 2.000 士 0.001 mg of 
the powdered SMC was weighted accurately using an analytical balance (Perkin 
Elmer AD-4 Autobalance) and put into a CHNS/0 analyzer (Perkin Elmer PE2400). 
Meanwhile, two components, namely cystine and acetanilide, were used to calibrate 
the analyzer. The contents in the sample were measured on a basis of weight 
percentage. The CHNS/0 analyzer uses a high temperature of 9 7 0 � C to convert 
the elements including carbon, hydrogen, nitrogen, sulfur and oxygen in the sample 
65 
into simple gases as carbon dioxide, hydrogen dioxide, nitrogen gas, sulfur dioxide 
and oxygen gas, respectively. Then, these gases are measured by a thermal 
conductivity detector. 
2.2.8 Infrared spectroscopic study 
The powdered sample was grounded with infrared grade KBr in an agate mortar. 
An aliquot of 400 mg of this was taken with a 0.1 % w/w sample content (Guibal et 
al； 1995; Kondo and Sawatari, 1996). The translucent disk obtained by pressing 
the grounded material with an aid of Specac press (pressure: 6.6 x lO^ Pa) for 5 
minutes was analyzed by transmission with a Nicolet Magna-IR Spectrophotometer 
560 (50 
scans, background: air, resolution: 2 cm ). 
2.2.9 Chitin content 
The chitin content of substance was determined gravimetrically after solubilizing the 
protein and minerals according to the method described by Lena et al (1993). 
Firstly, the dried sorbent was deproteinized by 1 N NaOH at a ratio of 1:40 w/v. 
The mixture was then heated at 120 °C for 15 minutes. The pellet (deproteinized 
fraction) was collected by centrifugation at 13,000 g and neutralized with ultra-pure 
water until the absorbances at 260 nm and 280 nm fell to zero. Subsequently, it was 
demineralized using 2 N HCl at a solid/solvent ratio of 1:10 w/v. The mixture was 
heated at 9 5 � C overnight and the supernatant was collected by centrifugation after 
cooling. 12 N NaOH was added to the collected supernatant until the pH was above 
10. The chitin residue (deproteinized and demineralized fractions) was collected by 
filtration with an oven-dried and pre-weighted GF/C filter. Afterwards, the filter 
was dried in an oven at 105�C overnight. The percentage of the chitin content was 
determined using the following equation. 
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-W. 
Chitin content(%) = ——-x 100% Equation 2.2 
M 
where 
Wi = dry weight of filter paper (g) 
Wf = dry weight of filter paper loaded with chitin residue (g) 
M = amount of material used (g) 
2.3 Soil collection and characterization 
Soil used in the present study was taken from the top 3 — 4 inches of grassland at the 
Green House of the Chinese University of Hong Kong. Prior to use, the collected 
soil was homogenized and sieved through a 2-mm sieve to remove bulky particulates. 
The homogenized soil was stored at - 2 0 � C until further use (McFarland and Qiu, 
1995; Andersson and Henrysson, 1996; Robert et al” 1997; Kastner and Mahro, 
1996; Kilbane II, 1998; Eggen, 1999). Subsequently, the pH and CHNS contents of 
soil were measured as the same for the analysis of SMC in Section 2.2.1 and Section 
2.2.7 respectively. According to Novak et al (2001), percentages of clay (< 2 jim)， 
silt (2 |im - 50 [im) and sand (> 50 ^im) of the collected soil were determined for the 
characterization of the soil type. 
2.4 Optimization for extraction 
Kilbane II (1998) suggested various choices of solvents including dichloromethane, 
acetone and hexane for the recovery of PAHs. Also，Futoma (1981) found that the 
number of extraction steps affected the extraction efficiencies of PAHs. Thus a 
preliminary study was carried out to examine the extraction efficiencies of 
phenanthrene by dichloromethane, acetone and hexane. Two successive extractions 
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with shaking at 350 rpm for 2 hours for each extraction step were performed on 100 
mg/L of phenanthrene. In each extraction, 10 mL of the solvent was used. Five 
replicates were prepared for each treatment. The detailed procedures for extraction 
and quantification were described below in Section 2.5.1. The optimal extraction 
conditions found were then standardized throughout the study. 
2.5 Removal of PAHs 
2.5.1 Experimental design 
2.5.1.1 Pretreatment and incubation 
All of the following experiments (samples and controls) were preformed in five 
replicates unless specified. 
For the solid-phase system, 1.0000 士 0.0002 g of the homogenized soil as prepared in 
Section 2.3 was spiked with 1 mL of the PAH stock solution (dissolved in HPLC 
grade acetone) in a 50-mL Falcon tube. Acetone, the solvent dissolving the PAH, 
was then allowed to evaporate for 24 hours prior to the inoculation with straw SMC 
(Andersson and Henrysson, 1996; in der Wiesche et al., 1996; Kastner and Mahro, 
1996; Kilbane II’ 1998; MacRae and Hall, 1998). After evaporation, the time was 
counted as Day 0 and straw SMC was added to the mixture and the moisture content 
of soil was adjusted to 60 % (i.e. 0.6 g of water was added to 1 g of soil) (Brodkorb 
and Legge, 1992; McFarland and Qiu, 1995; Bogan et al., 1996; Kastner et al, 1998; 
Potter et al” 1999). The sample was mixed well and incubated for a week at 4 � C 
to 80 °C with shaking at 150 rpm. Uninduced soil samples (no straw SMC added) 
were prepared as controls. All tubes were covered with aluminum foil to prevent 
abiotic loss. 
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For the water system, the PAH stock solution was aseptically pipetted to the 
sterilized ultra-pure water in a 15-mL Falcon tube at a ratio of 1:9 v/v. 
Subsequently, straw SMC was aseptically put to the mixture. The sample was 
incubated for 2 days at 4 °C to 80 °C with rotary shaking at 350 rpm. At the same 
time，samples without adding straw SMC were prepared as controls. Similarly, all 
tubes were covered with aluminum foil to prevent direct photodegradation. 
2.5.1.2 Extraction of sorbed PAHs in soil system or in SMC 
The extraction procedures of the PAHs from the solid mass were modified from 
Grosser et al (1991), in der Manial and Alexander (1991), Eschenbach et al. (1994), 
Wiesche et al. (1996), George and Neufeld (1988), Kastner et al (1998), Kilbane II 
(1998), Eggen (1999), Gramss et al (1999), Schutzendubel et al. (1999) and Canet et 
al. (2001). Firstly, 10 mL of dichloromethane was added directly to cover the 
PAH-soil mass in the sample tube, and the whole mixture was shaken vigorously by 
a vortex mixer. To improve the extraction by sonication, the whole tube was put in 
a Branson ultrasonic cleaner at 50 hertz for 15 minutes. Subsequently, the 
extraction was performed on a platform shaker at 350 rpm overnight at room 
temperature. Soil together with the SMC biomass was allowed to settle for 20 
minutes and the organic phase was collected. After that, another 10 mL of 
dichloromethane was added to the original tube to extract the PAH in the residue. 
The two portions of the dichloromethane extracts (20 mL in total) were pooled 
together and evaporated by rotary evaporation at about 7 0 � C (BUCHI Rotavapor 
R-114 and BUCHI Waterbath B-480). The concentrated sample was then 
redissolved in 1 mL of HPLC grade acetone and stored in darkness in a borosilicate 
GC vial at - 2 0 � C until further analysis (Bezalel et al., 1996; Errett et al., 1996; 
Shuttleworth and Cemiglia, 1996; Wang, 1996; Ching, 1997; Kastner et al., 1998; 
69 
Stringfellow and Alvarez-Cohen, 1999). All samples were filtered by 0.45-)Lim 
filters (Acrodisc® CR 4-mm syringe filter with a 0.45-|Lim PTFE membrane). 
2.5.1.3 Extraction of PAHs in water system 
The PAHs 
in the liquid sample were extracted according to the following procedures 
modified from Witt (1995)，Errett et al. (1996), Ching (1997), Moza et al. (1999), 
Reddy and Quinn (1999)，Stringfellow and Alvarez-Cohen (1999) as well as Zaidi 
and Imam (1999). For the samples and controls surveyed after incubation, the 
sample was centrifuged at 6,000 rpm for 20 minutes to pellet the SMC biomass. 
Any floating SMC biomass was separated from the supernatant using a plastic sieve 
(pore size of 1 mm diameter) during transfer to a Falcon tube and pooled to the SMC 
pellet. The sieve was rinsed with ultra-pure water and the filtrate was pooled to the 
supernatant. The SMC biomass collected was proceeded with the extraction of the 
sorbed PAH mentioned before (Section 2.5.1.2). 
At the same time, 10 mL of dichloromethane was added directly to the Falcon tube 
carrying the PAH-containing pooled supernatant. The whole setup was mixed 
vigorously with shaking at 350 rpm for 2 hours. The organic phase was collected. 
Later, the extraction procedure was repeated with another 10 mL of dichloromethane 
to improve the recovery of PAHs. The two dichloromethane extracts were pooled 
together and transferred to a 100-mL rotary flask. The organic solvent phase was 
concentrated by rotary evaporation at approximately 7 0 � C . The remaining 
extraction procedure was the same as mentioned in Section 2.5.1.2. 
After extraction for PAHs, the left SMC residue was oven-dried at 60 °C for 2 days 
before weighing. 
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2.5.1.4 Putative identification and quantification of PAHs 
GC-MS analysis was performed to putatively identify and quantify the PAHs as well 
as their intermediates and/or breakdown products formed during the treatment of the 
PAH samples with straw SMC. Control experiments were also carried out to 
determine the compositions and quantities of the compounds present in the soil 
sample, SMC and of those originated from the experimental setup (containers used 
and extraction apparatus, and so on) in order to distinguish the transformation 
products of PAHs by straw SMC. 1 g of soil and 1 g of SMC were put in 50-mL 
Falcon tubes respectively and 10 mL of ultra-pure water was added to each tube. 
Another experiment was performed by putting 1 g of SMC soaked in 10 mL of 
ultra-pure water in glass test tube instead of Falcon tube. Extraction was proceeded 
as mentioned in Section 2.5.1.2 and Section 2.5.1.3. Moreover, a 50-mL Falcon 
tube was filled with 10 mL of 10 % acetone (for determining the compounds leaking 
from the container used and other extraction apparatus) and incubated for 2 days at 
350 rpm at room temperature before proceeding to the solvent extraction as in 
Section 2.5.1.3. 
A gas chromatography coupled with a mass selective detector (GC-MSD) (Shimadzu 
GCMS-QP5050A) and gas chromatography with a flame ionizing detector (GC-FID) 
(Hewlett Packard HP6890 Series) were used to quantify and/or identify the PAHs in 
samples and controls. Separation of the PAH from other compounds was performed 
on a 0.25-mm (i.d.) x 30-m HP-1 methyl siloxane capillary column coated with a 
0.25卞m film (Hewlett Packard HP19091Z-413). For GC-MSD, mass spectrometry 
with selected ion mode (SIM) was used. The scan rate was about 1.5 scans/second. 
The operating conditions for GC-MSD and GC-FID are tabulated in Table 2.1. The 
temperature profiles of the method are presented in Table 2.2 and graphically in 
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Figure 2.1 (American Public Health Association, 1985 and 1992; Bossert and Bartha, 
1986; Walter et al., 1991; Dhawale et al., 1992; Wang et al., 1995; Bezalel et al., 
1996; Wang, 1996; Singh et al., 1998; Eggen, 1999; Reddy and Quinn, 1999; 
Schutzendubel et al., 1999; Canet et al., 2001). 
For qualitative analysis, the peaks resolved in a gas chromatogram were putatively 
identified by matching their fragmentation profiles with those of the libraries of 
NIST62 and NIST12 in the GC-MSD machine. Including the comparison of the 
retention times of the commercial authentic standards and those of the resolved peaks, 
the identities of the PAHs were confirmed. For quantitative analysis, the peaks 
(either peak height or peak area) of the chromatogram were compared with those of 
standards. In the present study, an individual calibration curve for each compound 
was constructed for determining the unknown concentration of samples and controls. 
This could be done by preparing a series of concentrations of a particular standard 
PAH solution (0, 25, 50, 100，150 and 200 mg/L dissolved in HPLC acetone) with 
five replicates for each concentration. 
2.5.2 Assessment criteria 
As mentioned earlier in Chapter 1, SMC made use of an integrated approach to 
removal organic pollutants by degradation and sorption. In the soil system, 
however, the solid mass was a mixture of straw SMC and soil and there was no 
filtrate or liquid phase separable from the solid mass. Thus, only removal by 
degradation was quantified in the present study. 
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Table 2.1 Experimental conditions used for GC-MSD and GC-FID in analysis of 
PAH samples. 
GC-MSD and GC-FID conditions Conditions 
Carrier gas High purity helium 
Column flowrate 2 mL/minute 
Column pressure 122.2 kPa 
Oven temperature 60 °C 
Oven equilibrium time 1.5 minutes 
Injection temperature 2 5 0 � C 
Interface temperature 250 °C 
Final temperature 300 °C 
Ramp temperature 8�C/minute 
Hold time 10 minutes 
Split mode Splitless 
Solvent cut 4 minutes  
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Table 2.2 A temperature profile for GC-MSD and GC-FID in analysis of PAH 
samples. 
Oven ramp Rate TemperatureHold time Run time 
(°C/minute) (°C) (minutes) (minutes) 
Initial 60 1.5 1.5 
Ramp 8 300 10.0 41.5 
Post run ^ 0.5 42.0 
3 5 0 「 
300 - ^ ^ 
250 - ^ ^ 
S 
§ 200 - ^ ^ 
一 1。。 
50 -
0 1 1 1 1 1 I I I I 
0 5 10 15 20 25 30 35 40 45 
Run time (minutes) 
Figure 2.1 A graphic presentation showing the temperature profile for GC-MSD and 
GC-FID in analysis of PAH samples. 
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Removal efficiency (RE) is defined as the ratio of the amount of the PAH removed to 
the initial PAH amount by percentage. On the other hand, removal capacity (RC) is 
the amount of the PAH removed per unit mass of straw SMC (Ching, 1997). They 
could be calculated according to the following equations. 
For removal efficiency, 
C -C 
RE(%) = I f X100% Equation 2.3 
C/ 
For removal capacity, 
C - C 
RC(mg/g) = ‘ f X M ’ Equation 2.4 
M 
where 
Ci = initial PAH concentration (mg/kg) 
Cf = final PAH concentration (mg/kg) 
M = amount of SMC used (g) 
M' = amount of soil (kg) 
For the water system, removal mediated by degradation and sorption, respectively, 
could be distinguished. Degradation removal is calculated by subtracting the total 
residual PAH measured (PAH in the filtrate and PAH bound by the mycelial mass) 
from the initial PAH added. Sorption removal refers to the amount of the PAH 
bound in and to the harvested mass (including adsorption and absorption of the PAH) 
(Bell and Tsezos, 1988; Chiu et al., 1998). 
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For removal ctHcicncy, 
C" — C — C 
RE by degradation(%) = -^——{——-xlO()% Equation 2.5 
C i 
Q 
RE by sorption(%) = x 100% Equation 2.6 
Total RE (o/o) = RE by degradation + RE by sorption Equation 2.7 
Substitute Equation 2.5 and Equation 2.6 into Equation 2.7, then 
Total RE(%) = ^ ^ ^ x 100% Equation 2.8 
For the removal capacity, 
c — c — c 
RC by degradation(mg/g) 二——L——[xV Equation 2.9 
M 
RC by sorption (mg/g)=吾 X 厂 Equation 2.10 
Total RC(mg/g) = RC by degradation + RC by sorption Equation 2.11 
Substitute Equation 2.9 and Equation 2.10 into Equation 2.11, then 
Total RC (mg/g) = ^ x V Equation 2.12 
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where 
Ci = initial PAH concentration (mg/L) 
Cf = final PAH concentration (mg/L) 
Cb = sorbed PAH concentration (mg/L) 
M = amount of SMC used (g) 
V = volume of reaction mixture (L) 
2.5.3 Stability of PAHs 
The influence of the incubation time on the stability of naphthalene, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene in the soil and water systems was 
investigated. For the soil system, 200 mg/kg of the PAH was evenly spread out on 
the sterilized and unsterilized soils by rotary shaking. After the evaporation of the 
solvent for 1 day, the samples were incubated for 0, 1,2, 3, 4, 5, 6 and 7 days with 
shaking at 150 rpm at room temperature of 25 °C. As for the water system, seven 
sets of the samples (125 mg/L) were incubated for 0，1, 3, 6, 8，10 and 13 days at 
room temperature with shaking at 350 rpm. After incubation for a specified period 
of time, the PAH in the soil and water samples were extracted out by 
dichloromethane and their concentrations were measured as in Section 2.5.1. All 
samples were preformed in three replicates. 
In order to determine the loss of the PAHs at different incubation temperatures, the 
samples without straw SMC were incubated for 1 week with shaking at 150 rpm (soil 
system) and for 2 days with shaking at 350 rpm (water system) at 4, 25, 37, 50 and 
80 °C. The tested concentrations of the PAH in the soil and water systems were 200 
mg/kg and 125 mg/L respectively. After incubation, the residual PAH was 
extracted and quantified as in Section 2.5.1. Each data point was preformed in five 
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replicates. 
2.5.4 Optimization for removal of PAHs 
The optimal parameters for the removal of naphthalene, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene in both sterilized soil and water systems by 
straw SMC were found out by investigating the effects of changing the initial PAH 
concentration, amount of straw SMC, initial pH, incubation time and incubation 
temperature on the removal efficiency and removal capacity. All parameters were 
kept unchanged except for the one of interest. Moreover, all measurements 
(samples and controls) were performed in five replicates. 
2.5.4.1 Effects of initial PAH concentration and amount of SMC 
For the soil system, 10, 25, 50，100，150，200 and 2,500 mg PAH/kg soil were 
prepared. At the same time, 0.0200 (for 2,500 mg PAH/kg soil only), 0.0500, 
0.1000, 0.2000, 0.5000 and 0.7500 土 0.0002 g of straw SMC were weighed 
accurately. They were aseptically added into each concentration after the 
evaporation of the solvent for 1 day. Subsequently, the samples and controls (no 
SMC added) were incubated for 1 week with shaking at 150 rpm at room 
temperature of 25 °C. On the other hand, for the water system, the tested PAH 
concentrations were 5，25, 50, 75, 100 and 125 mg/L. 0.0500, 0.1000，0.2000, 
0.5000 and 0.7500 土 0.0002 g of straw SMC were weighed exactly and added into 
each concentration. The samples and controls (no SMC added) were then incubated 
for 2 days with shaking at 350 rpm at room temperature. The residual PAH was 
extracted and assayed as in Section 2.5.1. 
In the following experiments, 0.0500 土 0.0002 g of straw SMC was used to treat 
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naphthalene, phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene in single. The 
PAH concentration was 200 mg/kg for soil and 125 mg/L for water. 
2.5.4.2 Effect of initial pH 
The effect of the initial pH on the removal performance of SMC towards the model 
PAHs was examined in this experiment. The chosen pH was 1.30, 3.06, 6.30, 9.30 
and 12.00. The initial pH of the samples and controls was adjusted by 12 M NaOH 
or 12 M HCl drop by drop and measured using a pH electrode connected to a 
Coming 320 ion analyzer. The incubation time and temperature were kept 
unchanged for both systems. The extraction and analysis of the residual PAH were 
performed as in Section 2.5.1. 
2.5.4.3 Effect of incubation time 
In this experiment, for the soil system, the removal ability of straw SMC towards the 
PAHs was monitored daily for a week at room temperature of 25 °C. On the other 
hand, the water samples were incubated at different time intervals including 0，10, 20 
and 30 minutes, 1, 2, 4, 8, 16，24 and 48 hours at room temperature. The 
procedures for extraction and quantification were the same as those described in 
Section 2.5.1. 
2.5.4.4 Effect of incubation temperature 
The PAH-spiked soil samples were incubated at 4, 25, 37, 50 and 8 0 � C for 1 week at 
150 rpm, but 2 days at 350 rpm for the water system. The PAH left in the samples 
and controls (no SMC added) was extracted and measured according to the 
procedures mentioned in Section 2.5.1. 
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2.5.5 Putative identification of intermediates and/or breakdown products 
For the samples obtained in Section 2.5.4.3, the putative identification of the 
intermediates and/or breakdown products formed in the time course experiments was 
also performed in parallel as in Section 2.5.1.4. At the same time, the compounds 
leaked from the same amount of straw SMC alone prepared as controls were taken 
into account during treatment. In order to find out the correlation between these 
identified compounds and the parental compound, their relative amount in the 
extracts was plotted. 
2.5.6 Isotherm plots and fitting into monolayer models 
With an attempt to predicting the capacity of straw SMC in binding with the PAHs in 
the water system (since only degradation was quantified for soil) and characterization 
of the sorption process，study of sorption isotherms was also included. In the 
present study, two commonly used monolayer isotherm models, the Langmuir and 
Freimdlich isotherms, were examined for the sorption of the PAHs by straw SMC 
(Stringfellow and Alvarez-Cohen, 1999). 
2.5.6.1 Langmuir isotherm 
By putting the results (final PAH concentration left in solution and removal capacity 
by sorption) obtained from the experiment in Section 2.5.4.1 into the following 
equation，a straight line with slope of 1/如似 and y-intercept of Vbq醒 could be 
constructed. Values of correlation coefficients represented a statistical measure 
on the goodness of fitting into a curve. 
Ce 一 1 , Ce 
^ Equation 1.3 
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Moreover, the essential characters of the Langmuir isotherm could be expressed by a 
dimensionless constant called equilibrium, Ri, which is defined by 
. 1 
一 \-\-bC. Equation 1.4 
where 
b = constant related to energy or net enthalpy of sorption (L/g) 
Ci = initial PAH concentration (mg/L) 
Ce = C f = final PAH concentration (mg/L) 
qe = RC by sorption (mg/g) 
Qmax = theoretical maximum uptake of solute per unit mass of sorbent (mg/g) 
2.5.6.2 Freundlich isotherm 
Moreover, fitting the experimental data obtained from Section 2.5.4.1 into the 
following equation, a plot of Log 如 versus Log Q would yield a straight line with a 
slope of Hn and an intercept of Log K. 
Lo糾 e = LogK + (yy^ogC, Equation 1.6 
where 
Ce = C f = final PAH concentration (mg/L) 
qe = RC by sorption (mg/g) 
^ « = Freundlich constants characteristic of system (indicating adsorption capacity 
and adsorption intensity respectively) 81 
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2.5.7 Toxicological study by Microtox® test 
In the present study, the toxicity tests were performed with a Microbics Microtox® 
500 analyzer according to the extended basic test procedures or extended 100 % test 
procedures outlined in the Microtox® Manual (Microbics Corporation, 1992). The 
extended basic test is usually used for highly toxic samples. All reagents and 
solutions were purchased from Microbics Corporation. Approximately 10^ 
colony-forming units (CFU) of Vibrio fischeri NRRL B-11177 rehydrated by a 
Microtox® reconstitution solution were exposed in duplicate to four dilutions of the 
PAH dissolved in HPLC grade acetone (before treated with straw SMC), osmotically 
adjusted to a salinity of 2 % and to an acetone concentration of 10 % in each curvette 
(11.75 X 50 mm, Microbics Corporation). The change in the bioluminescence was 
recorded at 5 minutes and 15 minutes at a constant temperature of 1 5 � C . The EC50 
values and 95 % confidence ranges were calculated by software of MTX7. In the 
same way, the toxicity of the individual PAHs after treatment with straw SMC was 
measured. Moreover, straw SMC + 10 % acetone + soil, 10 % acetone + soil，straw 
SMC + 10 0/0 acetone + ultra-pure water and 10 % acetone + ultra-pure water, filtered 
through 0.2-|im membranes, were prepared as negative controls to determine their 
toxicity. 
2.5.8 Removal ability of SMC towards PAHs in single and in a mixture 
The removal performance of straw SMC towards naphthalene, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene in single and in a mixture for both sterilized 
soil and water systems was investigated. In this experiment, 0.0500 士 0.0002 g of 
straw SMC was used. For soil, 200 mg/kg or 50 rng/kg of these four PAHs in 
mixtures was prepared whereas for the water system 125 mg/L or 50 mg/L of them 
was tested. All samples and controls were preformed in five replicates. 
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2.5.9 Removal abilities of different sorbents towards PAHs in water 
The fermented straw, fruiting bodies and straw SMC were chosen as sorbents under 
this test. Prior to use, all were freeze-dried and grounded to fine powder in liquid 
nitrogen using a mortar and a pestle. In addition, they were sterilized by 
autoclaving to kill any microorganisms and destroy the immobilized enzymes for 20 
minutes at 1 2 1 � C and care had to be taken not to recontaminate them with 
microorganisms. Therefore, the biodegradation of the PAHs failed to take place and 
sorption was the unique removal mechanism by the substances investigated. 
Following sterilization, 0.1000 士 0.0002 g of the sorbent was aseptically added to the 
mixture which contained 1 mL of 1,000 mg/L of the PAH stock solution and 9 mL of 
ultra-pure water. The sample was then incubated for 2 days with shaking at 350 
rpm at room temperature of 25 °C and followed the procedures as in Section 2.5.1. 
All samples and controls were preformed in five replicates. 
2.5.10 Removal abilities of raw and autoclaved SMC towards PAHs in water 
The autoclaved SMC biomass was prepared by autoclaving straw SMC for 20 
minutes at 121�C. 1 mL of the PAH solution (1,000 mg/L) was added with 9 mL 
of ultra-pure water in a 15-mL Falcon tube. Later, 0.1000 土 0.0002 g of biomass 
(raw or autoclaved) was aseptically put to the mixture. The sample was incubated 
for 2 days at room temperature with shaking at 350 rpm. Afterwards, the residual 
PAH in the sample was extracted and quantified as the same in Section 2.5.1. All 
samples and controls were preformed in five replicates. 
2.5.11 Statistical validation 
Five replicates were examined for each parameter tested unless specified. Data 
were presented as mean values and standard deviations of replicates. The data 
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obtained were treated with one-way ANOVA or two-way ANOVA and if any 
significant difference was observed among the treatment groups, further ranking of 
the groups was performed with the Tukey test. Both statistical programmes were 
provided in SPSS software package (Version 10). Data with the same letter 
represented statistically identical and the significance of treatment effect was 
confirmed at 5 % level of error. 
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3 Results 
3.1 Characterization of soil 
3.1.1 Physical and chemical properties of soil 
As shown in Table 3.1, the pH of the soil used in the present was 6.80 士 0.05. The 
soil texture was defined as sandy loam according to the fractions of sand/slit/clay. 
Moreover, the carbon content of soil was found to be 23.21 土 0.38 %. 
3.1.2 GC-MS analysis of soil 
A representative chromatogram of the homogenized soil is shown in Figure 3.1. No 
observable peaks were resolved in the chromatogram, but there were a number of 
small peaks corresponding to the straight and long chain hydrocarbons. The results 
also show that the soil was not contaminated with PAHs. 
3.2 Calibration curves of PAHs 
Under the specified operating conditions for GC-MSD and GC-FID listed in Table 
2.1, the retention times of naphthalene, phenanthrene, benzo[a]pyrene and 
benzo[g,h,i]perylene were 8.83, 18.92, 31.55 and 35.85 minutes respectively. The 
chromatograms of the standard solutions of these four model PAHs (200 mg/L in 
HPLC grade acetone each) are pictured in Figure 3.2 A - Figure 3.2 D. 
Figure 3.3 A - Figure 3.3 D present graphically the calibration curves of naphthalene, 
phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene generated by GC-MSD 
while Figure 3.4 A - Figure 3.4 D by GC-FID. Linearity was established with the 
values of correlation coefficients (R^) about 0.99 for each calibration curve. 
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Table 3.1 Physical and chemical properties of soil collected from the Green House at 
the Chinese University of Hong Kong. 
Physical properties 
pH# 6.80 土 0.05 
Particle sizing 
Sand (%) 75.60 
Silt (%) 21.51 
Clay (%) 2.89 
Texture Sandy loam 
Chemical properties 
Carbon (o/o) 23.21 ±0.38 
Hydrogen (o/o) 2.13 ±0.14 
Nitrogen (%) 0.32 土 0.01 
Sulflir (o/o) 0.19 ±0.03 
Prepared from 1 g of soil in 10 mL of ultra-pure water 
Data presented as mean values and standard deviations of three replicates. 
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3.3 Optimization for extraction 
The results tabulated in Table 3.2 indicate that dichloromethane performed the best 
for the extraction of phenanthrene (100 mg/L) in water than the other two under the 
same experimental conditions. Moreover, only 59.35 土 8.95 % of phenanthrene 
was recovered when the extraction was preformed once, but the repeated extraction 
steps could extract additional 25 % of the total extractable phenanthrene (85.49 土 
3.88 o/o) (Table 3.3). Similar result was obtained using three successive extractions. 
In the light of these results, therefore, two successive extraction steps using 
dichloromethane were used in all experiments. 
The effects of altering the initial PAH concentration, initial pH，incubation time and 
incubation temperature on the recoveries of naphthalene, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene from both soil and water systems without 
straw SMC were investigated and summarized in Table 3.4 - Table 3.7 (soil system) 
and Table 3.8 — Table 3.11 (water system). For both systems, the extraction 
efficiencies were found to increase with increasing the molecular size or number of 
fused aromatic rings and with decreasing the water solubility of compounds. 
Benzo[a]pyrene (5-ring and 0.0038 mg/L) and benzo[g,h,i]perylene (6-ring and 
0.00026 mg/L) were extracted better than naphthalene (2-ring and 31.7 mg/L) and 
phenanthrene (3-ring and 1.15 mg/L). The extraction efficiencies of 5- and 6-ring 
P A H s were generally between 92 % and 97 % while those of 2- and 3-ring PAHs 
ranged between 80 % and 87 %. In general, the recoveries of naphthalene, 
phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene from both soil and water 
systems showed consistent results at different experimental conditions with the 
exception for naphthalene at the incubation temperature of 8 0 � C . At this 
temperature, the extraction efficiencies of naphthalene in the sterilized soil and water 
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Table 3.2 Comparison of extraction efficiency of phenanthrene in water system by 
dichloromethane, acetone and hexane. 
Extraction efficiency (%) 
Dichloromethane 85.49 士 3.88a 
Acetone 73.56 ± 6.26b 
Hexane 71.97 
Experimental conditions: phenanthrene concentration =100 mg/L; initial pH = 6.30; 
incubation time = 2 days at 350 rpm; temperature = 25 °C; volume of solvent used = 
10 mL; two successive extractions and shaking at 350 rpm for 2 hours for each 
extraction step. Data presented as mean values and standard deviations of five 
replicates. Data with same letters represent statistically identical (p < 0.05 by 
ANOVA followed by Tukey test for ranking). 
Table 3.3 Effect of extraction step on extraction efficiency of phenanthrene in water 
system. 
Extraction efficiency (%) 
One extraction 59.35 ± 8.95^ 
Two successive extractions 85.49 土 3.88a 
Three successive extractions 84.66 士 4.54a 
Experimental conditions: phenanthrene concentration = 100 mg/L; initial pH = 6.30; 
incubation time 二 2 days at 350 rpm; temperature 二 25 °C; volume of 
dichloromethane used = 10 mL; shaking at 350 rpm for 2 hours for each extraction 
step. Data presented as mean values and standard deviations of five replicates. 
Data with same letters represent statistically identical (p < 0.05 by ANOVA followed 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































systems were lowered to 72.18 土 1.63 % and 79.95 土 3.44 % respectively compared 
to the extraction efficiencies obtained between 4 and 50 
3.4 Stability of PAHs 
3.4.1 Soil system 
3.4.1.1 Effect of incubation time 
The stability of naphthalene, phenanthrene, benzo [ajpyrene and benzo [g,h,i]perylene 
in the sterilized and unsterilized soils at 25 °C was examined daily for a week 
respectively. Figure 3.5 A shows that naphthalene (200 mg/kg) was persistent in 
the sterilized soil over a 1-week incubation. For the unsterilized soil, however, it 
exhibited a decreasing trend up to Day 6 and then became stable. About 40 % 
reduction of naphthalene relative to Day 0 was found. For phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene (200 mg/kg each), there were no significant 
changes in their amounts over 1 week of incubation under the sterilized and 
unsterilized conditions (Figure 3.5 B - Figure 3.5 D). 
For simplicity, the sterilized soil was selected as a medium to investigate the 
performance of SMC on the solid-phase system instead of the unsterilized soil since 
all tested PAHs were stable under the sterilized condition. 
3.4.1.2 Effect of incubation temperature 
The effect of the incubation temperature on the stability of naphthalene, 
phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene to the sterilized soil after 7 
days of incubation was investigated. The amount of naphthalene had no significant 
change when the incubation temperature was increased from 4 °C to 50 °C, but 





































































































































































































































































































































































































































































































































































































































































































































other hand, other PAHs including phenanthrene, benzo[a]pyrene and 
benzo[g,h,i]perylene were considered to be stable over a wide range of the 
incubation temperatures tested (Table 3.7). 
3.4.2 Water system 
3.4.2.1 Effect of incubation time 
For the sterilized water system, naphthalene, phenanthrene, benzo[a]pyrene and 
benzo[g,h,i]perylene (125 mg/L each) were stable over a 2-week incubation at room 
temperature as shown in Figure 3.6 A — Figure 3.6 D. 
3.4.2.2 Effect of incubation temperature 
Table 3.11 reveals the stability of naphthalene in the sterilized water at different 
incubation temperatures after 2 days of incubation. Naphthalene was very stable as 
the incubation temperature was raised from 4 � C to 50 °C. At 80 °C，however, 
about 20 % loss of naphthalene was found. For other PAHs, the change of the 
incubation temperature from 4 � C to 8 0 � C had no pronounced effect on the stability 
of phenanthrene, beiizo[a]pyrene and benzo[g,h,i]perylene (Table 3.11). 
3.5 Characterization of SMC 
3.5.1 Physical and chemical properties of SMC 
The basic features of straw SMC used in the present study are summarized in Table 
3.12. The pH of straw SMC was 6.69 士 0.02. A high content of carbon (25.61 土 
0.08 o/o) was found in straw SMC. Moreover, SMC was rich in macro-nutrients 
such as sodium, potassium, calcium and phosphorus. It also contained trace 
































































































































































































































































































































































































































































































































































































































































































Table 3.12 Physical and chemical properties of SMC of oyster mushroom Pleurotus 
pulmonarius used in the present study. 
Physical properties 
pH" 6.69 士 0.02 
Electrical conductivity (mS)# 5.84 土 0.43 
Salinity (o/o) 0.59 ± 0.01 
Ash content (%) 8.96 士 0.30 
Chemical properties 
Carbon (o/o) 25.61 ±0.08 
Hydrogen (%) 4.20 ±1.33 
Nitrogen (%) 2.42 土 0.02 
Sulfur (o/o) 0.49 ±0.15 
Metal contents 
Sodium (mg/g) 1.31 ±0.11 
Potassium (mg/g) 6.91 士 0.02 
Calcium (mg/g) 14.75 土 7.01 
C h r o m i u m (|Lig/g) 0 .00 土 0 . 00 
Manganese (jug/g) 457.90 ± 35.70 
Iron (ixg/g) 335.20 士 76.80 
Copper (|Lig/g) 0.00 土 0.00 
Z i n c (|Lig/g) 2 1 6 . 1 0 ± 125 .40 
L e a d (|Lig/g) 0 .00 土 0 .00 
Cadmium (|Lig/g) 0.00 士 0.00 | 
Water-soluble anions^ 
Fluoride (mg/L) 4.43 士 1.25 
Phosphorus (mg/L) 30.44 士 1.30 
Sulphate (mg/L) 20.55 ± 0.62 
Chloride (mg/L) 67.44 ±3.19 
Bromide (mg/L) 2.17 士 1.13 
Nitrite (mg/L) 0.04 士 0.00 
Nitrate (mg/L) 0.20 士 0.09 
Prepared from 1 g of straw SMC in 10 mL of ultra-pure water 
Data presented as mean values and standard deviations of three replicates. 
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3.5.2 GC-MS analysis of SMC 
Figure 3.7 A shows the chromatograms of the solid mass extract of SMC using 
Falcon tube respectively while Figure 3.7 B corresponds to the gas chromatogram of 
the solid mass extract of SMC using glass test tube. They showed high amounts of 
diethyl phthalate (C12H14O4). Also, straight chain alkanes like pentadecane 
(C15H32), hexadecane (C16H34), heptadecane (C17H36), octadecane (CigHsg) and 
eicosane (C20H42) were found in moderate abundance. Carboxylic acids including 
tridecanoic acid (C13H26O2), tetradecanoic acid (C14H28O2), pentadecanoic acid 
(C15H30O2), hexadecanoic acid (C16H32O2), heptadecanoic acid (C17H34O2) and 
octadecanoic acid (C18H36O2)，and alcohols like 3-dodecanol (C12H26O), 
3-tetradecanol (C14H30O) and 3-hexadecanol (C16H34O) were also detected. Further, 
aromatics such as 2,4-bis( 1,1 -dimethylethyl)-phenol (C14H22O) and their isomers, 
ethyl 4-ethoxybenzoate (C11H14O3) and 1,1'-1 -(2,2-dimethylbutyl)-1,3-propanediyl 
bis-cyclohexane (C21H40) were found. The chemical structures of the putatively 
identified compounds are illustrated in Figures 3.8 — 3.10. The numbered peaks in 
the chromatograms were identified by GC-MSD and matched with the fragmentation 
profiles in the libraries of NIST62 and NIST12 with the similarity index (SI) of 84 or 
higher (Figures 3.11 - 3.19). 
3.5.3 Infrared spectroscopic study and chitin content 
The infrared spectra of the fermented straw, fruiting bodies and straw SMC between 
4000 cm-i and 400 cm] are shown in Figure 3.20 A - C, indicating the presence of 
many possibly functional groups responsible for binding with molecules of the 
adsorbing species. These three materials show nearly identical infrared spectra with 
a board peak of absorbance between 3500 cm] and 3200 cm"^  indicating of -OH 
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1: 2,4-bis( 1,1 -dimethylethyl)-phenol (SI: 95)，3,5-bis( 1,1 -dimethylethyl)-phenol (SI: 92) or 
2,6-bis( 1,1 -dimethylethyl)-phenol (SI: 91) 
2: ethyl 4-ethoxybenzoate (SI: 88) 
3: diethyl phthalate (SI: 95) 
4: alkanes: pentadecane (SI: 95), heptadecane (SI: 95), eicosane (SI: 95)，hexadecane (SI: 94) or 
octadecane (SI: 93) 
5: carboxylic acids: hexadecanoic acid (SI: 90), pentadecanoic acid (SI: 89)，tetradecanoic acid (SI: 
88), tridecanoic acid (SI: 88)，octadecanoic acid (SI: 87) or heptadecanoic acid (SI: 86) 
6: l,r-l-(2,2-dimethylbutyl)-l,3-propanediyl bis-cyclohexane (SI: 86) 
7: alcohols including 3-tetradecanol (SI: 86), 3-dodecanol (SI: 84) or 3-hexadecanol (SI: 84) 
Figure 3.7 Gas chromatograms of A) solid mass extract B) filtrate extract of straw 
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Figure 3.8 Chemical structures of aromatic compounds found from filtrate and solid 
mass extracts of SMC. 
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Pentadecane 








( C 2 0 H 4 2 ) 
Figure 3.9 Chemical structures of aliphatic compounds found from filtrate and solid 
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Figure 3.11 Mass spectra of A) a peak at 12.95 minutes matched with B) 
2,4-bis(l, 1 -dimethylethyl)-phenol (SI: 95) C) 3,5-bis(l, 1 -dimethylethyl)-phenol (SI: 
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Figure 3.12 Mass spectra of A) a peak at 14.95 minutes matched with B) ethyl 
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Figure 3.13 Mass spectra of A) a peak at 15.92 minutes matched with B) diethyl 
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Figure 3.14 Mass spectra of peaks at A) 17.88 minutes B) 20.63 minutes C) 21.58 
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Figure 3.15 Mass spectra of A) pentadecane (SI: 95) B) heptadecane (SI: 95) C) 
eicosane (SI: 95) D) hexadecane (SI: 94) and E) octadecane (SI: 93). 
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Figure 3.16 Mass spectra of peaks at A) 23.86 minutes and B) 24.02 minutes 
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Figure 3.18 Mass spectra of A) a peak at 27.33 minutes matched with B) 
1,1'-1 -(2,2-dimethylbutyl)-1,3-propanediyl bis-cyclohexane (SI: 86). 
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Figure 3.19 Mass spectra of A) a peak at 28.06 minutes matched with matched with 
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Figure 3.20 Infrared spectra of A) fermented straw B). fruiting bodies of oyster 
mushroom and C) straw SMC between 4000 cm'^  and 400 cm—� 
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large and sharp absorption band at 1650 cm] probably corresponding to C - 0 bonds, 
a small peak at 1550 cm] for the fermented straw and oyster mushroom indicating of 
C=C bonds, a small peak at 1400 cm] indicating of N=N bonds, a sharp and narrow 
peak located at 1310 cm"^  for the fermented straw and oyster mushroom 
characterizing the presence of C-0 or C-N bonds and a peak at around 1100 cm'^  
corresponding to -NH groups or O S bonds according to Silverstein and Webster 
(1998). Guibal et al (1995) stated three characteristic bands for chitin in the 
infrared analysis including 1650 cm] (amide I), 1550 cm] (amide II) and 1310 cm"^  
(amide III). The chitin contents of the fermented straw, fruiting bodies and straw 
SMC were determined to be 5.26 土 1.01 %, 3.05 土 0.34 % and 16.02 土 2.68 % 
respectively (Table 3.13). 
3.5.4 Removal abilities of different sorbents towards PAHs in water 
Three autoclaved sorbents, namely, fermented straw, fruiting bodes and straw SMC, 
could give 100 % removal of naphthalene and phenanthrene (100 mg/L each) when 
0.1 g of sorbent was added for 2 days of treatment at room temperature of 25°C 
(Table 3.14). For benzo [ajpyrene, the fermented straw and straw SMC performed 
better than the fruiting bodies. They had greater than 96 % removal of 
beiizo[a]pyrene while the fruiting bodies could only give the removal efficiency of 
67.23 土 3.18 o/o. The order of increasing removal by these three sorbents towards 
benzo[g,h,i]perylene was as follows: fruiting bodies, fermented straw and straw SMC. 
Their removal efficiencies by sorption were 51.45 土 4.38 %, 76.96 土 6.70 % and 
98.62 土 2.82 % respectively. 
3.5.5 Removal abilities of raw and autoclaved SMC towards PAHs in water 
The performance of the raw straw SMC and autoclaved straw SMC on the removal 
121 
Table 3.13 Chitin contents of fermented straw, fruiting bodies and straw SMC of 
oyster mushroom Pleurotus pulmonarius. 
Chitin content ( % ) ^ 
Fermented straw 5 . 2 6 ± 1 . 0 1 匕 
Fruiting bodies 3.05 土 0.34� 
Straw SMC 16.02 ±2.68" 
Data presented as mean values and standard deviations of three replicates. Data 
with same letters represent statistically identical (p < 0.05 by ANOVA followed by 
















































































































































































































































































































































































































































































































of naphthalene, phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene was 
examined. Figure 3.21 A - Figure 3.21 D show that the removal efficiencies by 
degradation of these four PAHs for the autoclaved straw SMC were dropped to zero 
when compared to those for the raw straw SMC which gave the removal of 80.80 土 
4.28 o/o, 57.56 土 3.22 %, 65.60 土 3.78 % and 67.79 士 1.29 % respectively. In 
contrast, the removal efficiencies by sorption were sharply increased from 19.20 土 
4.28 o/o to 89.09 土 8.78 % for naphthalene, 42.44 土 3.22 % to 95.95 土 3.70 % for 
phenanthrene, 11.07 土 2.36 % to 86.25 土 6.12 % for benzo[a]pyrene and 5.85 土 1.80 
to 77.12 土 1.54 o/o for benzo[g,h,i]perylene when the autoclaved straw SMC was used 
instead of the raw straw SMC. As a whole, there were no significant differences 
between the total removal efficiencies of naphthalene, phenanthrene, benzo[a]pyrene 
and benzo[g,h,i]perylene for the autoclaved straw SMC and raw straw SMC. 
3.6 Optimization for removal of PAHs 
3.6.1 Naphthalene 
3.6.1.1 Soil system 
3.6.1.1.1 Effects of initial naphthalene concentration and amount of straw SMC 
on removal efficiency 
For the range of 10 mg/kg to 2,500 mg/kg of naphthalene, all removal efficiencies by 
degradation reached 100 ± 0 o/o at 0.05 g of straw SMC used (Figure 3.22 A). 
Further increase in the amount of SMC from 0.05 g to 0.75 g did not change the 
removal efficiencies of naphthalene for all tested concentrations. For 2,500 mg/kg 
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Figure 3.21 Removal of A) naphthalene and B) phenanthrene in water system by 
autoclaved straw SMC and raw straw SMC. Experimental conditions: PAH 
concentration = 100 mg/L; straw SMC amount = 0.1 g; initial pH = 6.30; incubation 
time = 2 days at 350 rpm; temperature = 25 °C. Each point and error bar represent 
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Figure 3.21 Removal of C) beiizo[a]pyrene and D) benzo[g,h,i]perylene in water 
system by autoclaved straw SMC and raw straw SMC. Experimental conditions: 
PAH concentration = 100 mg/L; straw SMC amount = 0.1 g; initial pH = 6.30; 
incubation time = 2 days at 350 rpm; temperature = 2 5 � C . Each point and error bar 
represent mean value and standard deviation of five replicates. 
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Figure 3.22 Effects of initial naphthalene concentration and amount of straw SMC on 
A) removal efficiency and B) removal capacity for naphthalene in the sterilized soil. 
Experimental conditions: soil = 1 g; initial pH = 6.30; incubation time = 1 week at 
150 rpm; temperature 二 25 Each point and error bar represent mean value and 
standard deviation of five replicates. * Maximum point 
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3.6.1.1.2 Effects of initial naphthalene concentration and amount of straw SMC 
on removal capacity 
Figure 3.22 B indicates the removal capacities of straw SMC towards naphthalene 
increasing with an increase in the naphthalene concentration from 10 mg/kg to 2,500 
mg/kg over a wide range of the amounts of SMC tested. Moreover, for 2,500 
mg/kg of naphthalene, the removal capacity reached a maximum point when the 
amount of straw SMC was increased from 0.02 g to 0.05 g. There were the rapid 
decreases in the removal capacities for all tested naphthalene concentrations when 
the amount of SMC was in excess and further increased from 0.05 g to 0.75 g. 
Obviously, the maximum removal capacities were located at 0.05 g of straw SMC. 
The removal capacity for 2,500 mg/kg of naphthalene (70.37 土 4.52 mg/g) was 
almost 14 times of that for 200 mg/kg of naphthalene (5.77 土 0.46 mg/g) when 0.05 g 
of straw SMC was used. 
3.6.1.1.3 Effect of initial pH 
From Table 3.15, the change of the initial pH from 1.30 to 12.00 did not affect the 
removal efficiency of 100 ± 0 o/o and removal capacity of 5.77 土 0.46 mg/g for 200 
mg/kg of naphthalene treated by 0.05 g of straw SMC when other experimental 
conditions such as the incubation time (1-week treatment) and temperature (room 
temperature of 25 °C) were kept unchanged. 
3.6.1.1.4 Effect of incubation time 
Figure 3.23 A and Figure 3.23 B show that 0.05 g of straw SMC took 1 day to 
degrade 200 mg naphthalene/kg sterilized soil completely at room temperature. 
Afterwards, there were no significant changes in the removal efficiency and removal 
capacity. Therefore, the optimal incubation time was 1 day at which the removal 
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Table 3.15 Effect of initial pH on removal efficiency and removal capacity for 
naphthalene by straw SMC in the sterilized soil system. 
Initial pH Removal efficiency (%) Removal capacity 
(mg naphthalene/g SMC) 
1.30 100.00 ±0.00 6.12 ±0.43 
3.06 100.00 ±0.00 5.97 ±0.50 
6.30 100.00 ±0.00 5.77 ±0.46 
9.30 100.00 ±0.00 6.19 ±0.17 
12.00 100.00 ±0.00 5.76 ±0.54 
Experimental conditions: naphthalene concentration = 200 mg/kg; straw SMC 
amount = 0.05 g; sterilized soil amount = 1 g; incubation time = 1 week at 150 rpm; 
temperature = 25 °C. Data are presented as mean values and standard deviations of 
five replicates. There are no significant differences of the removal efficiency and 
removal capacity (p < 0.05 by ANOVA). 
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Figure 3.23 Effect of incubation time on A) removal efficiency and B) removal 
capacity for naphthalene in the sterilized soil system. Experimental conditions: 
naphthalene concentration = 200 mg/kg; straw SMC amount = 0.05 g; sterilized soil 
amount = 1 g; initial pH = 6.30; agitation rate = 150 rpm; temperature = 25 °C. 
Each point and error bar represent mean value and standard deviation of five 
replicates. Data with same letters represent statistically identical (p < 0.05 by 
ANOVA followed by Tukey test for ranking). 
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efficiency of 100 ± 0 o/o and removal capacity of 6.42 士 0.53 mg/g were attained at 
maximum. 
3.6.1.1.5 Effect of incubation temperature 
Figure 3.24 A and Figure 3.24 B show the influence of the incubation temperature 
from 4 °C to 80 on the removal efficiency and removal capacity for naphthalene 
after incubation for 1 week. The results demonstrate that the removal ability of 
straw SMC was sensitive to the incubation temperature. When the incubation 
temperature was increased from 4 °C to 25 (room temperature), the removal of 
naphthalene was intensified from 92.12 士 2.97 % to 100 ± 0 o/� ( for emoval 
efficiency) and from 4.79 土 0.27 mg/g to 5.77 士 0.46 mg/g (for removal capacity). 
Further increasing the incubation temperature from 25 °C to 80 °C did not change the 
removal efficiency and removal capacity. As a result, the optimum incubation 
temperature was in the range of 25 °C to 80 °C. 
3.6.1.1.6 Putative identification of intermediates and/or breakdown products 
Figure 3.25 shows the compounds found and putatively identified by GC-MSD in the 
solid mass extract (sterilized soil and straw SMC) after naphthalene was treated by 
straw SMC at room temperature. After treatment for 1 week, no naphthalene was 
found in the extract due to complete degradation. On the other hand, ethyl 
4-ethoxybenzoate and diethyl phthalate were found at the retention times of about 
14.2 and 15.5 respectively. In addition to these compounds, some straight chain 
hydrocarbons including pentadecane, hexadecane, heptadecane, octadecane and 
eicosane were detected. Carboxylic acids such as tetradecanoic acid, pentadecanoic 
acid and octadecanoic acid were present in relative low amounts than other 
compounds. All of these compounds were also found in the extracts of straw SMC 
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Figure 3.24 Effect of temperature on A) removal efficiency and B) removal capacity 
for naphthalene in the sterilized soil system. Expenmental conditions: naphthalene 
concentration = 200 mg/kg; straw SMC amount = 0.05 g; sterilized soil amount 二 1 g； 
initial pH = 6.30; incubation time = 1 week at 150 rpm. Each point and error bar' 
represent mean value and standard deviation of five replicates. Data with same 
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heptadecanoic acid (SI: 86) 
Figure 3.25 A gas chromatogram of solid mass extract of naphthalene sample after 
treatment with straw SMC in the sterilized soil system. The removal efficiency by 
degradation was 100 ± 0 o/o (data obtained from Figure 3.23). 
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and their chemical structures are the same as those pictured in Figure 3.8 — Figure 
3.10. 
From Figure 3.26，the amount of ethyl 4-ethoxybenzoate remained constant 
throughout the entire experiment. On the other hand, the level of diethyl phthalate 
was sharply increased to its maximum point at the initial first 1 day when the amount 
of naphthalene was diminished to near zero. Beyond this point, there was no 
significant change in the relative amount of diethyl phthalate and naphthalene. 
3.6.1.2 Water system 
3.6.1.2.1 Effects of initial naphthalene concentration and amount of straw SMC 
on removal efficiency 
In general, the removal efficiency by degradation of naphthalene was increased with 
decreasing the naphthalene concentration from 125 mg/L to 5 mg/L (Figure 3.27 A). 
Straw SMC gave 100 % removal of naphthalene by degradation as its concentration 
was at or below 50 mg/L. A 25-fold increment of the naphthalene concentration 
from 5 mg/L to 125 mg/L resulted in about 20 % reduction of removal efficiency 
from 100 o/o to 80 o/o. There was no significant change in the removal efficiency by 
degradation of naphthalene with increasing the amount of straw SMC used from 0.05 
g to 0.75 g. In other words, 0.05 g of straw SMC could give the maximum removal 
efficiencies for all naphthalene concentrations. 
Figure 3.27 B indicates the removal efficiency by sorption generally increasing with 
an increase in the naphthalene concentration. Little amount of naphthalene was 
sorbed by straw SMC when its concentration was at or below 50 mg/L. Increasing 
the amount of straw SMC used from 0.05 g to 0.75 g failed to improve the removal 
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Figure 3.26 Correlation between selected breakdown products and naphthalene in 
solid mass extracts of soil samples during treatment with straw SMC. Experimental 
conditions: naphthalene concentration = 200 mg/kg; straw SMC amount = 0.05 g; 
sterilized soil amount = 1 g; initial pH = 6.30; agitation rate = 150 rpm; temperature 
= 2 5 � C . Each point and error bar represent mean value and standard deviation of 
five replicates. The removal kinetic for naphthalene is shown in Figure 3.23 and 
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Figure 3.27 Effects of initial naphthalene concentration and amount of straw SMC on 
A) removal efficiency by degradation B) removal efficiency by sorption and C) total 
removal efficiency for naphthalene in water system. Experimental conditions: 
initial pH = 6.30; incubation time = 2 days at 350 rpm; temperature = 25 Each 
point and error bar represent mean value and standard deviation of five replicate. 
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Figure 3.28 Effects of initial naphthalene concentration and amount of straw SMC on 
A) removal capacity by degradation B) removal capacity by sorption and C) total 
removal capacity for naphthalene in water system. Experimental conditions: initial 
pH = 6.30; incubation time = 2 days at 350 rpm; temperature = 25 Each point 
and error bar represent mean value and standard deviation of five replicates. * 
Maximum point 
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efficiency by sorption. Straw SMC could remove about 22 % of naphthalene (125 
mg/L) by sorption at maximum. 
As a whole, 0.05 g of straw SMC was able to remove 100 % of naphthalene by 
degradation and sorption with the concentration at or below 125 mg/L (Figure 3.27 
C). The total removal efficiency maintained at the same value as the amount of 
straw SMC was increased from 0.05 g to 0.75 g. 
3.6.1.2.2 Effects of initial naphthalene concentration and amount of straw SMC 
on removal capacity 
The effects of changing the naphthalene concentration and amount of SMC on the 
removal capacities by degradation and by sorption are presented in Figure 3.28 A 
and Figure 3.28 B respectively. The patterns of these two figures were similar. 
The maximum removal capacities by degradation and by sorption for all tested 
naphthalene concentrations were at 0.05 g of straw SMC. Further increasing the 
amount of straw SMC to 0.75 g lowered the removal capacities to their minima. 
Moreover, the higher the naphthalene concentration was, the higher the removal 
capacities by degradation and by sorption were obtained. 0.05 g of straw SMC 
gave the highest removal capacities for naphthalene (125 mg/L) by degradation and 
by sorption of 32.36 士 3.80 mg/g and 17.46 土 1.48 mg/g respectively. 
Therefore, the highest total removal capacity by both degradation and sorption was 
found to be 49.82 士 3.35 mg/g (Figure 3.28 C). More than 65 % of which was 
contributed by degradation. 



































































































































































































































































































































































































































































































































































































Table 3.16 A and Table 3.16 B show that the change of the initial pH did not affect 
the naphthalene removal by degradation and by sorption. The total removal 
efficiency of 1 0 0 士 0 � / �a n d removal capacity of 4 9 . 8 2 土 3.35 mg naphthalene/g 
straw SMC were obtained after a 2-day treatment at room temperature of 2 5 � C 
(Table 3.16 C). 
3.6.1.2.4 Effect of incubation time 
As shown in Figure 3.29 A - Figure 3.29 D, there were the increasing trends of the 
removal efficiency and removal capacity by degradation from 0 % to 79.69 土 0.81 % 
and from 0 mg/g to 32.92 土 2.45 mg/g respectively until 20 minutes. Afterwards, 
their increases were not significant. For the sorption of naphthalene, the removal 
efficiency and removal capacity were steadily increased to their maxima within the 
initial first 30 minutes and followed by a slightly reduction. They were flatted off 
since 4 hours. 
Complete removal of naphthalene by both degradation and sorption took 30 minutes 
at room temperature. The maximum total removal efficiency and removal capacity 
were 100 土 0 o/o and 50.47 土 3.19 mg naphthalene/g straw SMC respectively. 
3.6.1.2.5 Effect of incubation temperature 
As can be seen from Figure 3.30 A, the total removal efficiencies of naphthalene by 
straw SMC were 100 % at all tested incubation temperatures. However, the 
contribution of degradation and sorption was changed with increasing the 
temperature. The removal efficiency by degradation was gradually increased to a 
maximum point (from 42.89 土 6.53 % to 100 ± 0 %) with increasing the incubation 
temperature from 4 °C to 80 On the contrary, the removal efficiency by 
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Table 3.16 Effect of initial pH on A) removal efficiency and removal capacity by 
degradation B) removal efficiency and removal capacity by sorption and C) total 
removal efficiency and removal capacity for naphthalene by straw SMC in the 
sterilized water system. 
^  
Initial pH Removal efficiency Removal capacity by degradation 
by degradation (%) (mg naphthalene/g SMC) 
^ “ 1 . 3 0 ~ 78.46 ±5.05 30.48 ± 1.43 
3.06 79.03 ±2.15 30.12 ±2.39 
6.30 78 .17 ± 5.19 32 .36 士 3 .80 
9.30 75.06 ±3.77 29.87 ±3.24 
12.00 76 .05 ± 3 . 4 9 29 .70 ± 2 . 5 0 
^  
Initial pH Removal efficiency Removal capacity by sorption 
by sorption (%) (mg naphthalene/g SMC) 
1.30 “ 21.53 + 5.04 15.94 ±0.62 
3.06 20.97 ±2.15 16.64 ±0.76 
6.30 21.83 ±5.19 17.46 ±1.48 
9 . 3 0 2 4 . 9 4 士 3 . 7 7 1 7 . 9 8 ± 1 . 0 7 
12.00 23.95 ±3.49 17.21 ±2.08 
Q  
Initial pH Total removal efficiency (%) Total removal capacity 
(mg naphthalene/g SMC) 
1.30 99.99 ±0.02 46.42 ±1.58 
3.06 100.00 ±0.00 46.76 ±2.31 
6.30 100.00 ±0.00 49.82 ±3.35 
9.30 100.00 ±0.00 47.85 ±2.75 
12.00 100.00 ± 0 . 0 0 46.90 ±0 .88 
Experimental conditions: naphthalene concentration = 125 mg/L; straw SMC amount 
=0.05 g; incubation time = 2 days at 350 rpm; temperature = 25 °C. Data are 
presented as mean values and standard deviations of five replicates. There are no 
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Figure 3.30 Effect of temperature on A) removal efficiency and B) removal capacity 
for naphthalene in water system. Experimental conditions: naphthalene 
concentration = 125 mg/L; straw SMC amount = 0.05 g; initial pH = 6.30; incubation 
time = 2 days at 350 rpm. Each point and error bar represent mean value and 
standard deviation of five replicates. 
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sorption of naphthalene was significantly reduced from 55.22 土 4.60 % to zero under 
the same change. The contribution of sorption (55.22 土 4.60 % out of 98.11 士 2.09 
o/o in total removal) was predominant than that of degradation at 4 °C, but at other 
tested incubation temperatures, the degradation of naphthalene was the main removal 
mechanism taken by straw SMC. The change of the removal capacity by straw 
SMC towards naphthalene exhibited the similar pattern with that of the removal 
efficiency (Figure 3.30 B). 
In spite of the complete removal of naphthalene at all incubation temperatures, the 
incubation temperature of 80 °C was chosen as the most optimum since naphthalene 
was totally degraded by straw SMC at this temperature. At this temperature, the 
total removal efficiency and removal capacity were 100 ± 0 o/o and 52.98 土 3.82 mg 
naphthalene/g straw SMC respectively which were contributed by degradation only. 
3.6.1.2.6 Putative identification of intermediates and/or breakdown products 
The chromatograms of the solid mass and filtrate extracts of the naphthalene samples 
for a 2-day treatment with straw SMC at room temperature are shown in Figure 3.31 
A and Figure 3.31 B respectively. Naphthalene was not found in the filtrate extract 
due to complete removal by degradation and sorption, but a small amount of it could 
be extracted from the solid mass extract. Moreover, ethyl 4-ethoxybenzoate, diethyl 
phthalate, straight and long chain alkanes with carbon atoms up to 20 as well as 
carboxylic acids such as tridecanoic acid, tetradecanoic acid, pentadecanoic acid, 
hexadecanoic acid, heptadecanoic acid and octadecanoic acid were commonly found 
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2: diethyl phthalate (SI: 95) 
3: alkanes including pentadecane (SI: 95), heptadecane (SI: 95), eicosane (SI: 95), 
hexadecane (SI: 94) or octadecane (SI: 93) 
4: carboxylic acids including hexadecanoic acid (SI: 90), pentadecanoic acid (SI: 89), 
tetradecanoic acid (SI: 88), tridecanoic acid (SI: 88), octadecanoic acid (SI: 87) or 
heptadecanoic acid (SI: 86) 
Figure 3.31 Gas chromatograms of A) solid mass extract and B) filtrate extract of 
naphthalene sample after treatment with straw SMC in the sterilized water system. 
The removal efficiencies by degradation and by sorption were 79.69 士 0.81 % and 
20.31 士 0.81 o/o (data obtained from Figure 3.29). 
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From Figure 3.32 A and Figure 3.32 B, the formation of diethyl phthalate in the 
filtrate was steadily increased to a maximum point with decreasing the amount of 
naphthalene in the filtrate to zero at the first 30 minutes. At the same time the 
amount of naphthalene sorbed by straw SMC was increased. After that, their 
relative amounts maintained at the same levels. Also, the amount of alkanes (a 
peak at 26.30 minutes) was increased to a maximum point within 30 minutes and 
then dropped to near zero. Further, the reduction of naphthalene in the filtrate did 
not lead to any significant increases in the amounts of ethyl 4-ethoxybenzoate in both 
extracts. 
3.6.2 Phenanthrene 
3.6.2.1 Soil system 
3.6.2.1.1 Effects of initial phenanthrene concentration and amount of straw 
SMC on removal efficiency 
Increasing the SMC amount from 0.05 g to 0.75 g enhanced the removal efficiencies 
by degradation to their maxima for the range of 10 mg/kg to 2,500 mg/kg of 
phenanthrene (Figure 3.33 A). For 2,500 mg/kg of phenanthrene, about 30 % 
increment of the removal efficiency was obtained as the SMC amount was increased 
from 0.02 g to 0.05 g. Further, the lower the phenanthrene concentration was, the 
higher the removal efficiency was obtained. For the concentration of phenanthrene 
at or below 25 mg/kg, 0.50 g of straw SMC gave 100 % removal of phenanthrene by 
degradation. A 250-fold increase in the phenanthrene concentration from 10 mg/kg 
to 2,500 mg/kg led to about 30 % elimination of phenanthrene in average. 
3.6.2.1.2 Effects of initial phenanthrene concentration and amount of straw 
SMC on removal capacity 
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Figure 3.32 Correlation between selected compounds and naphthalene in filtrate and 
solid mass extracts of water samples. Experimental conditions: naphthalene =125 
mg/L; SMC = 0.05 g; initial pH 二 6.30; agitation rate = 350 rpm; temperature = 25 
°C. Each point and error bar represent mean value and standard deviation of five 
replicates. The removal kinetic for naphthalene is shown in Figure 3.29 and the 
removal efficiencies by degradation and by sorption were 79.69 ±0.81 % and 20.31 
士 0.81 o/o. * Maximum point 
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The removal capacity of straw SMC towards 2,500 mg phenanthrene/kg sterilized 
soil was increased to a maximum point (32.32 ±3.17 mg/g) as the amount of straw 
SMC was increased from 0.02 g to 0.05 g (Figure 3.33 B). The highest removal 
capacities for all tested phenanthrene concentrations were attained at 0.05 g of straw 
SMC. For the straw SMC amount greater than 0.05 g, the removal capacity was 
inversely proportional to the straw SMC amount. In addition, even with increasing 
the phenanthrene concentration, the removal capacity showed an increasing trend. 
The maximum removal capacity was determined to be about 32.32 ±3.17 mg/g as 
0.05 g of SMC was used to treat 2,500 mg/kg of phenanthrene. 
3.6.2.1.3 Effect of initial pH 
From Table 3.17, it is found that the removal efficiency and removal capacity for 200 
mg/kg of phenanthrene were not significantly affected at all tested initial pH from 
1.30 to 12.00 after incubation with SMC (0.05 g) for 1 week at room temperature of 
25 °C. They were 49.34 土 5.33 % and 2.61 土 0.26 mg/g respectively. 
3.6.2.1.4 Effect of incubation time 
Straw SMC showed its greatest removal ability towards phenanthrene at the initial 
first 1 day (Figure 3.34 A). About 36 % of phenanthrene was broken down by 
straw SMC. Afterwards, 14 % increment of the removal efficiency was got. 
There was no significant increase in the removal efficiency of phenanthrene since 
Day 2. The change of the removal capacity of straw SMC towards phenanthrene 
followed the similar pattern as that of the removal efficiency (Figure 3.34 B). 
Therefore, the optimal incubation time for straw SMC at room temperature of 2 5 � C 
to give the maximum removal efficiency of 54.88 土 4.31 % and removal capacity of 
2.82 土 0.33 mg/g was 2 days. 
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Table 3.17 Effect of initial pH on removal efficiency and removal capacity for 
phenanthrene by straw SMC in the sterilized soil system. 
Initial pH Removal efficiency (%) Removal capacity 
(mg phenanthrene/g SMC) 
1.30 “ ~ “ 50.80 ±4.24 2.57 + 0.16 
3.06 46.36 ±4.89 2.57 ± 0.25 
6.30 49.34 ± 5.33 2.61 ±0.26 
9.30 55.94 ±7.95 2.96 ± 0.43 
12.00 4 7 . 2 8 ± 8 . 1 7 2.47 土 0.42 
Experimental conditions: phenanthrene concentration = 200 mg/kg; straw SMC 
amount = 0.05 g; sterilized soil amount = 1 g; incubation time - 1 week at 150 rpm; 
temperature = 25�C. Data are presented as mean values and standard deviations of 
five replicates. There are no significant differences of the removal efficiency and 
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Figure 3.34 Effect of incubation time on A) removal efficiency and B) removal 
capacity for phenanthrene in the sterilized soil system. Experimental conditions: 
phenanthrene concentration = 200 mg/kg; straw SMC amount = 0.05 g; sterilized soil 
amount = 1 g; initial pH = 6.30; agitation rate = 150 rpm; temperature = 2 5 � C . 
Each point and error bar represent mean value and standard deviation of five 
replicates. Data with same letters represent statistically identical (p < 0.05 by 
ANOVA followed by Tukey test for ranking). 
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3.6.2.1.5 Effect of incubation temperature 
From Figure 3.35 A and Figure 3.35 B, the removal ability of straw SMC was 
temperature-dependent. As the incubation temperature was increased from 4 � C to 
8 0 � C , the removal efficiency and removal capacity were raised from 31.74 ± 4.19 % 
to 100 土 0 o/o and from 1.72 士 0.14 mg/g to 5.50 土 0.38 mg/g respectively. 
Consequently, straw SMC showed its most effective removal ability towards 
phenanthrene at 80 °C for a 1-week incubation under which the maximum removal 
efficiency of 100 士 0 o/o and removal capacity of 5.50 士 0.38 mg/g were obtained. 
3.6.2.1.6 Putative identiHcation of intermediates and/or breakdown products 
Figure 3.36 shows the compounds found in the solid mass extract of phenanthrene 
after incubation with straw SMC for a week at room temperature. The amount of 
the parental compound, phenanthrene as appeared at the retention time of 18.92 
minutes, was greatly reduced after treatment. Other putatively identified 
compounds included ethyl 4-ethoxybenzoate, diethyl phthalate, numerous straight 
chain hydrocarbons including pentadecane, hexadecane, heptadecane, octadecane 
and eicosane as well as carboxylic acids such as tridecanoic acid, tetradecanoic acid, 
pentadecanoic acid, hexadecanoic acid, heptadecanoic acid and octadecanoic acid. 
There was an inverse relationship between the amounts of diethyl phthalate and the 
residual phenanthrene at the initial first 2 days (Figure 3.37). However, their 
relative amount remained unchanged since Day 2. Additionally, the amount of 
ethyl 4-ethoxybenzoate in the extracts could not be correlated well with the removal 
of phenanthrene throughout the experiment since this was kept unchanged. 
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Figure 3.35 Effect of temperature on A) removal efficiency and B) removal capacity 
for phenanthrene in the sterilized soil system. Experimental conditions: 
phenanthrene concentration = 200 mg/kg; straw SMC amount = 0.05 g; sterilized soil 
amount = 1 g; initial pH = 6.30; incubation time = 1 week at 150 rpm. Each point 
and error bar represent mean value and standard deviation of five replicates. Data 
with same letters represent statistically identical (p < 0.05 by ANOVA followed by 
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Figure 3.36 A gas chromatogram of solid mass extract of phenanthrene sample after 
treatment with straw SMC in the sterilized soil system. The removal efficiency by 
degradation was 54.88 士 4.31 % (data obtained from Figure 3.34). 
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Figure 3.37 Correlation between selected breakdown products and phenanthrene in 
solid mass extracts of soil samples during treatment with straw S M C . Experimental 
conditions: phenanthrene concentration = 200 mg/kg; straw S M C amount = 0.05 g; 
sterilized soil amount - 1 g; initial pH - 6.30; agitation rate = 150 rpm; temperature 
=25 °C. Each point and error bar represent mean value and standard deviation of 
five replicates. The removal kinetic for phenanthrene is shown in Figure 3.34 and 
the removal efficiency by degradation of 54.88 士 4.31 % was obtained. 
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3.6.2,2 Water system 
3.6.2.2.1 Effects of initial phenanthrene concentration and amount of straw 
SMC on removal efficiency 
Figure 3.38 A shows that the change of the amount of straw S M C from 0.05 g to 
0.75 g did not affect the removal efficiencies by degradation for all phenanthrene 
concentrations under investigation. There was no significant change in the removal 
efficiency by degradation when the concentration of phenanthrene was increased 
from 50 mg/L to 125 mg/L. For those at or lower than 50 mg/L, decreasing the 
phenanthrene concentration could enhance the removal efficiency by degradation. 
100 o/o degradation was obtained as 5 mg/L of phenanthrene was to be treated by 
straw S M C . 
For sorption, similarly, the removal efficiency was not affected with adding the 
amount of straw S M C from 0.05 g to 0.75 g (Figure 3.38 B). Furthermore, an 
increase in the removal efficiency by sorption was generally resulted from increasing 
the phenanthrene concentration. However, the increase was only significant as the 
concentration of phenanthrene was at or below 25 mg/L. About 43 % of 
phenanthrene could be sorbed by straw S M C at maximum. 
The effects of changing the phenanthrene concentration and straw S M C amount on 
the total removal efficiency are shown in Figure 3.38 C. 0.05 g of straw S M C was 
enough to completely remove a wide range of the phenanthrene concentrations from 
5 mg/L to 125 mg/L by degradation and sorption. 
3.6.2.2.2 Effects of initial phenanthrene concentration and amount of straw 
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Figure 3.38 Effects of initial phenanthrene concentration and amount of straw S M C 
on A) removal efficiency by degradation B) removal efficiency by sorption and C) 
total removal efficiency for phenanthrene in water system. Experimental conditions: 
initial pH 二 6.30; incubation time = 2 days at 350 rpm; temperature = 25 °C. Each 
point and error bar represent mean value and standard deviation of five replicates. 
Data at or above 0.05 g of S M C are of the highest and same rank. 
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The higher the phenanthrene concentration was, the higher the removal capacities by 
degradation and by sorption were obtained (Figure 3.39 A and Figure 3.39 B). 
Moreover, the maximum removal capacities by degradation and by sorption for all 
phenanthrene concentrations were at 0.05 g of straw S M C . Further increasing the 
amount of straw S M C from 0.05 g to 0.75 g lowered the removal capacities to the 
minima. The highest removal capacities by degradation and by sorption were 27.25 
土 2.07 mg/g and 23.59 士 1.24 mg/g respectively at 0.05 g of straw S M C for 125 
mg/L of phenanthrene. 
Figure 3.39 C indicates the influence of changing the phenanthrene concentration 
and amount of straw S M C on the total removal capacity by degradation and sorption. 
It is found that the highest total removal capacity was 50.85 士 2.90 m g 
phenanthrene/g straw S M C . About 54 % of which was shared by degradation. 
3.6.2.2.3 Effect of initial pH 
As 0.05 g of straw S M C was used, complete removal of phenanthrene (125 mg/L) by 
both degradation and sorption was obtained at different initial pH tested for 2 days of 
incubation at room temperature of 25。C (Table 3.18 C). The relative proportion of 
degradation and sorption in the total removal was more or less the same with the 
change of the initial pH from 1.30 to 12.00 (Table 3.18 A and Table 3.18 B). The 
total removal efficiency and removal capacity were 100 ± 0 o/o and 50.85 土 2 .90 mg/g 
respectively. 
3.6.2.2.4 Effect of incubation time 
The removal efficiencies by degradation and by sorption were gradually increased 
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Figure 3.39 Effects of initial phenanthrene concentration and amount of straw S M C 
on A) removal capacity by degradation B) removal capacity by sorption and C) total 
removal capacity for phenanthrene in water system. Experimental conditions: 
initial pH = 6.30; incubation time 二 2 days at 350 rpm; temperature = 25。C. Each 
point and error bar represent mean value and standard deviation of five replicates. * 
Maximum point 
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Table 3.18 Effect of initial pH on A) removal efficiency and removal capacity by 
degradation B) removal efficiency and removal capacity by sorption and C) total 
removal efficiency and removal capacity for phenanthrene by straw S M C in the 
sterilized water system. 
竺 
Initial p H Removal efficiency Removal capacity by degradation 
by degradation (%) (mg phenanthrene/g S M C ) 
1.30 “ 53.20 ±2.30 27.74 ±3.71 
3 . 0 6 5 3 . 4 2 土 6 . 5 3 2 6 . 5 1 ± 2 . 5 1 
6.30 58.96 ±3.72 27.25 ±2.07 
9.30 58.34 ±3.55 26.16 ±1.59 
12.00 58.16 ±2.55 25.31 ± 1.11 
^ — 
Initial p H Removal efficiency Removal capacity by sorption 
by sorption (%) (mg phenanthrene/g S M C ) 
1.30 46.80 ±2.30 25.79 ±2.99 
3.06 46.58 ±6.53 25.76 ±2.05 
6.30 41.04 ±3.72 23.59 ±1.24 
9.30 41.66 ±3.55 25.38 ±0.97 
12.00 41.84 ±2.55 25.76 ±1.02 
C)  
Initial pH Total removal efficiency (%) Total removal capacity 
(mg phenanthrene/g S M C ) 
1-30 100.00 ±0.00 53.53 ±6.65 
3.06 100.00 ±0.00 52.27 ±2.21 
6.30 100.00 ± 0 . 0 0 50.85 士 2.90 
9.30 100.00 ±0.00 51.54 ±1.45 
1 2 . 0 0 1 0 0 . 0 0 土 0 . 0 0 5 1 . 0 7 ± 1 . 0 3 
Experimental conditions: phenanthrene concentration = 125 mg/L; straw S M C 
amount = 0.05 g; incubation time = 2 days at 350 rpm; temperature = 25 °C. Data 
are presented as mean values and standard deviations of five replicates. There are 
no significant differences of the removal efficiencies and removal capacities (p < 



















































































































































































































































































































































































































































































































































































minutes (Figure 3.40 A and Figure 3.40 B). As the time passed, there were no 
significant increases in the removal efficiencies by degradation and by sorption. 
Similarly, the total removal efficiency reached a maximum point (100 ± 0 o/o) within 
30 minutes. Moreover, the removal capacities by degradation and by sorption of 
phenanthrene were changed in the same way as the removal efficiencies did (Figure 
3.40 C — Figure 3.40 D). From these results, at 25 °C，the optimal incubation time 
was found to be 30 minutes and the total removal efficiency of 100 ± 0 o/o and 
removal capacity of 50.85 士 2.90 mg/g were attained at the end of this experiment. 
3.6.2.2.5 Effect of incubation temperature 
The total removal efficiencies of phenanthrene were 100 士 0 o/o at different tested 
incubation temperatures (Figure 3.41 A). Nevertheless, the results also show that 
the degradation and sorption mechanisms were greatly affected with the change of 
the temperature. As the incubation temperature was raised from 4。C to 80 the 
removal efficiency by degradation was increased from 24.51 士 4.45 % to 88.97 土 
5.26 o/o, but the removal efficiency by sorption was decreased from 75.49 土 4.45 % to 
11.03 土 5.26 o/o. Sorption was favorable at low incubation temperature of 4 
whereas degradation was the major removal mechanism at higher temperatures. In 
addition, the removal capacities by degradation and by sorption were changed 
similarly as the removal efficiencies did (Figure 3.41 B). 
The incubation temperature of 80 °C was the optimal temperature for the 
phenanthrene removal (125 mg/L) by straw S M C (0.05 g) over a 2-day treatment. 
The reason is the same as stated in Section 3.6.1.2.5. At this temperature, the 
maximum total removal e伍ciency was 100 ± 0 o/o, about 89 % of which was by 
degradation. On the other hand, straw S M C gave the total removal capacity of 
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Figure 3.41 Effect of temperature on A) removal efficiency and B) removal capacity 
for phenanthrene in water system. Experimental conditions: phenanthrene 
concentration = 125 mg/L; straw S M C amount = 0.05 g; initial pH = 6.30; incubation 
time = 2 days at 350 rpm. Each point and error bar represent mean value and 
standard deviation of five replicates. 
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52.44 士 2.65 mg/g at maximum. 
3.6.2.2.6 Putative identi打cation of intermediates and/or breakdown products 
During treatment with S M C at 25 °C, the compounds found in the chromatograms of 
the solid mass and filtrate extracts are shown in Figure 3.42 A and Figure 3.42 B 
respectively. Phenanthrene was not found in the filtrate extract indicating complete 
removal by degradation and sorption by S M C . In contrast, almost half of the 
original amount of phenanthrene was sorbed by S M C and detected in the solid mass 
extract. Further, ethyl 4-ethoxybenzoate, diethyl phthalate, straight chain 
hydrocarbons with carbons atoms of higher than 15 and little amounts of some 
carboxylic acids including tridecanoic acid, tetradecanoic acid, pentadecanoic acid, 
hexadecanoic acid, heptadecanoic acid and octadecanoic acid were identified. 
Figure 3.43 A and B show that the amount of diethyl phthalate in the filtrate extract 
was sharply increased with decreasing content of the residual phenanthrene in the 
filtrate and increasing amount of phenanthrene sorbed at the initial first 30 minutes. 
Afterwards, these contents were levelled off. For alkanes (a peak at 26.30 minutes), 
their amounts in extracts of filtrate and solid mass remained at the same level after 
the initial drop in the first hour incubation. Also, the amount of ethyl 
4-ethoxybenzoate in both extracts maintained at the same values. 
3.6.3 Benzo [a] pyrene 
3.6.3.1. Soil system 
3.6.3.1.1 Effects of initial benzo [a] pyrene concentration and amount of straw 
SMC on removal efficiency 
Figure 3.44 A indicates that increasing the amount of straw S M C added to the 
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hexadecane (SI: 94) or octadecane (SI: 93) 
4: carboxylic acids including hexadecanoic acid (SI: 90)，pentadecanoic acid (SI: 89), 
tetradecanoic acid (SI: 88), tridecanoic acid (SI: 88), octadecanoic acid (SI: 87) or 
heptadecanoic acid (SI: 86) 
Figure 3.42 Gas chromatograms of A) solid mass extract and B) filtrate extract of 
phenanthrene sample after treatment with straw S M C in the sterilized water system. 
The removal efficiencies by degradation and by sorption were 58.96 土 3.72 % and 
41.04 士 3.72 o/o (data obtained from Figure 3.40). 
164 
A) * 
2,500 L^T T T 了 
2,000 
S 1,500 I 
C D ‘ ‘ 
0 1 1,000 -
< i — — ^ 
500 -
^M Mr • 
0 ^ ‘~ ‘ ^ 
D � 0 10 20 30 40 50 
* Incubation time (hours) 
2 , 5 0 0 � "“ 
2,000 - Z -
§ 1,500 — y 
8 / 
I /丄 
I 1,000 / 
< f - i ~ ^ — ? 
500 -
— . — -
0.0 0.5 1.0 1.5 2.0 
Incubation time (hours) 
phenanthrene in filtrate extract phenanthrene in mass extract 
diethyl phthalate in filtrate extract diethyl phthalate in mass extract 
a peak at 26.30 minutes in filtrate extract a peak at 26.30 minutes in mass extract 
Figure 3.43 Correlation between selected compounds and phenanthrene in filtrate 
and solid mass extracts of water samples. Experimental conditions: phenanthrene = 
125 mg/L; S M C = 0.05 g; initial p H = 6.30; agitation rate = 350 rpm; temperature = 
25 Each point and error bar represent mean value and standard deviation of five 
replicates. The removal kinetic for phenanthrene is shown in Figure 3.40 and the 
removal efficiencies by degradation and by sorption were 58.96 土 3.72 % and 41.04 
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Figure 3.44 Effects of initial benzo[a]pyrene concentration and amount of straw 
S M C on A) removal efficiency and B) removal capacity for benzo[a]pyrene in the 
sterilized soil. Experimental conditions: soil = 1 g; initial pH = 6.30; incubation 
time = 1 week at 150 rpm; temperature = 25 °C. Each point and error bar represent 
mean value and standard deviation of five replicates. * Maximum point 
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sterilized soil from 0.05 g to 0.75 g generally increased the removal efficiencies of all 
tested benzo[a]pyrene concentrations to their maxima. 0.75 g of S M C could give 
complete degradation of benzo[a]pyrene with the concentration at or below 200 
mg/kg. For the benzo[a]pyrene concentration at or lower than 25 mg/kg, the 
removal efficiency of 100 ± 0 o/o was obtained regardless of the amount of S M C 
applied. In addition, the lower the beiizo[a]pyrene concentration was, the higher the 
removal efficiency was got. Nearly 25 % reduction of removal efficiency was 
resulted from a 10-fold increase in the benzo[a]pyrene concentration from 250 mg/kg 
to 2,500 mg/kg. 
3.6.3.1.2 Effects of initial benzo[a]pyrene concentration and amount of straw 
SMC on removal capacity 
The removal capacity of straw S M C towards 2,500 mg/kg of benzo[a]pyrene was 
increased to 41.44 ± 5.19 mg/g (maximum point) as the amount of straw S M C was 
increased from 0.02 g to 0.05 g. The maximum removal capacities of straw S M C 
were attained at 0.05 g of S M C used for other tested benzo[a]pyrene concentrations. 
Further increasing the amount of straw S M C to 0.75 g gave a decreasing trend of the 
removal capacity. Moreover, the removal capacity was still increased as the 
benzo[a]pyrene concentration was increased. The increase was very drastic when 
the benzo[a]pyrene concentration was increased by 10-fold from 250 mg/kg to 2,500 
mg/kg. 
3.6.3.1.3 Effect of initial pH 
The effect of the initial pH on the removal efficiency and removal capacity for 
benzo[a]pyrene (200 mg/kg) by 0.05 g of straw S M C was examined and presented in 
Table 3.19. The differences in both removal efficiency and removal capacity by 
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degradation of benzo [ajpyrene were not significant with the change of the initial pH 
from acidic to alkaline conditions at room temperature of 25 over a 1-week 
incubation. The removal efficiency of 87.76 士 1.96 % and removal capacity of 5.12 
±0.37 mg/g were obtained. 
3.6.3.1.4 Effect of incubation time 
For the effect of incubation time, straw S M C (0.05 g) showed its greatest removal 
ability on 200 mg/kg of benzo [a]pyrene at the initial first 2 days as pictured in Figure 
3.45 A and Figure 3.45 B. The removal efficiency of 61.85 士 1.97 % was obtained 
at Day 1 followed by about 26 % increment of the benzo [ajpyrene degradation at 
Day 2. Afterwards, the benzo[a]pyrene removal by straw S M C was levelled off. 
The trend of the removal capacity by straw S M C towards benzo[a]pyrene was 
exactly the same as that of the removal efficiency. In other words, therefore, the 
maximum removal efficiency of 87.89 土 2.18 % and removal capacity of 5.23 土 0.32 
m g benzo[a]pyrene/g straw S M C were attained at Day 2. 
3.6.3.1.5 Effect of incubation temperature 
The removal efficiency and removal capacity were continuously increased with 
increasing the incubation temperature as shown in Figure 3.46 A and Figure 3.46 B 
respectively. The removal of benzo[a]pyrene was rapidly raised from 76.45 土 3.71 
o/o to 100 土 0 o/o in removal efficiency and from 4.55 士 0.36 mg/g to 6.22 土 0.42 mg/g 
in removal capacity as the incubation temperature was changed from 4。C to 37 °C. 
Further increasing the incubation temperature to 80 °C led to no significant changes 
in both values. Therefore, 37 °C — 80 °C was the optimal temperature range for the 
benzo[a]pyrene removal and the maximum values were 100 ± 0 o/o and 6.42 ±0.18 
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Table 3.19 Effect of initial pH on removal efficiency and removal capacity for 
benzo [ajpyrene by straw SMC in the sterilized soil system. 
Initial pH Removal efficiency (%) Removal capacity 
(mg benzo[a]pyrene/g S M C ) 
1.30 ~ 87.91 ±1.27 “ ~ 5.17 ±0.36 
3.06 88.34 ±1.51 5.08 ±0.34 
6.30 87.76 ± 1.96 5.12 ±0.37 
9.30 89.13 ±2.23 5.35 ±0.18 
12.00 87.82 ± 1.70 5.30 ±0.36 
Experimental conditions: benzo [ajpyrene concentration = 200 mg/kg; straw S M C 
amount = 0.05 g; sterilized soil amount = 1 g; incubation time = 1 week at 150 rpm; 
temperature = 25 Data are presented as mean values and standard deviations of 
five replicates. There are no significant differences of the removal efficiency and 
removal capacity (p < 0.05 by ANOVA). 
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Figure 3.45 Effect of incubation time on A) removal efficiency and B) removal 
capacity for benzo[a]pyrene in the sterilized soil system. Experimental conditions: 
beiizo[a]pyrene concentration = 200 mg/kg; straw S M C amount = 0.05 g; sterilized 
soil amount = 1 g; initial pH = 6.30; agitation rate = 150 rpm; temperature = 25 °C. 
Each point and error bar represent mean value and standard deviation of five 
replicates. Data with same letters represent statistically identical (p < 0.05 by 
A N O V A followed by Tukey test for ranking). 
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Figure 3.46 Effect of temperature on A) removal efficiency and B) removal capacity 
for benzo[a]pyrene in the sterilized soil system. Experimental conditions: 
benzo[a]pyrene concentration 二 200 mg/kg; straw S M C amount = 0.05 g; sterilized 
soil amount = 1 g; initial pH = 6.30; incubation time = 1 week at 150 rpm. Each 
point and error bar represent mean value and standard deviation of five replicates. 
Data with same letters represent statistically identical (p < 0.05 by A N O V A followed 
by Tukey test for ranking). 
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mg/g respectively for 1 week of incubation. 
3.6.3.1.6 Putative identification of intermediates and/or breakdown products 
The chromatogram of the solid mass extract from benzo[a]pyrene in soil treated by 
S M C for 1 week at room temperature of 25 °C is pictured in Figure 3.47. The 
peaks corresponding to the compounds identified by G C - M S D are labeled in the 
chromatogram. Similarly, the detectable compounds besides benzo [ajpyrene 
included ethyl 4-ethoxybenzoate, diethyl phthalate, a number of long chain alkanes 
such as pentadecane, hexadecane, heptadecane, octadecane and eicosane, and 
carboxylic acids. The results also show that the level of benzo [ajpyrene in soil after 
treatment was greatly reduced. 
Figure 3.48 shows that diethyl phthalate was generated and accumulated rapidly at 
the initial first 2 days. Meanwhile, about 88 % degradation of benzo[a]pyrene was 
found. After that, however, the changes of their amounts at different time intervals 
were not significant. For another aromatic compound, the amount of ethyl 
4-ethoxybenzoate did not show an increasing trend with the loss of benzo [ajpyrene 
in this time course experiment. 
3.6.3.2 Water system 
3.6.3.2.1 Effects of initial benzo[a]pyrene concentration and amount of straw 
SMC on removal efficiency 
Figure 3.49 A shows that the removal efficiency by degradation of benzo[a]pyrene 
was increased with decreasing the benzo [ajpyrene concentration from 125 mg/L to 5 
mg/L. Moreover, adding more straw S M C from 0.05 g to 0.75 g did not enhance 
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4: carboxylic acids including hexadecanoic acid (SI: 90)，pentadecanoic acid (SI: 89)， 
tetradecanoic acid (SI: 88), tridecanoic acid (SI: 88), octadecanoic acid (SI: 87) or 
heptadecanoic acid (SI: 86) 
Figure 3.47 A gas chromatogram of solid mass extract of benzo [ajpyrene sample 
after treatment with straw S M C in the sterilized soil system. The removal 
efficiency by degradation was 73.37 士 2.71 % (data obtained from Figure 3.45). 
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Figure 3.48 Correlation between selected breakdown products and benzo[a]pyrene in 
solid mass extracts of soil samples during treatment with straw S M C . Experimental 
conditions: benzo[ajpyrene concentration = 200 mg/kg; straw S M C amount 二 0.05 g; 
sterilized soil amount = 1 g; initial pH = 6.30; agitation rate = 150 rpm; temperature 
=25 °C. Each point and error bar represent mean value and standard deviation of 
five replicates. The removal kinetic for benzo[ajpyrene is shown in Figure 3.45 and 
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Figure 3.49 Effects of initial benzo [ajpyrene concentration and amount of straw 
S M C on A) removal efficiency by degradation B) removal efficiency by sorption and 
C) total removal efficiency for benzo [ajpyrene in water system. Experimental 
conditions: initial pH = 6.30; incubation time = 2 days at 350 rpm; temperature = 25 
°C. Each point and error bar represent mean value and standard deviation of five 
replicates. Data at or above 0.05 g of S M C are of the highest and same rank. 
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achieved by all tested range of the straw S M C amounts when the benzo [ajpyrene 
concentration did not exceed 5 mg/L. 
The effects of the benzo [ajpyrene concentration and amount of straw S M C on the 
removal efficiency by sorption are illustrated in Figure 3.49 B. In general, 
increasing the amount of straw S M C from 0.05 g to 0.75 g resulted in an increase in 
the removal efficiency by sorption to the maximum when the benzo[a]pyrene 
concentration was at or higher than 50 mg/L. For those lower than 50 mg/L, the 
effect of adding more straw S M C on the removal efficiency could be negligible. 
Greater than 0.5 g of straw S M C could cause about 23 % disappearance of 
benzo [ajpyrene by sorption at maximum. 
The total removal efficiencies of all tested benzo [ajpyrene concentrations by both 
mechanisms were increased to their maximum values when the amount of straw 
S M C was increased from 0.05 g to 0.75 g (Figure 3.49 C). For the benzo[a]pyrene 
concentration at or below 125 mg/L, straw S M C could cause 100 % removal by 
degradation and sorption. Moreover, the higher the benzo [ajpyrene concentration 
was, the lower the removal efficiency was obtained. 
3.6.3.2.2 Effects of initial benzo [a] pyrene concentration and amount of straw 
SMC on removal capacity 
Figure 3.50 A and Figure 3.50 B present the changes of the removal capacities by 
degradation and by sorption of benzo [a]pyrene with changing the benzo [ajpyrene 
concentration and straw S M C amount respectively. Both figures exhibited a similar 
pattern. The removal capacities by degradation and by sorption were increased with 
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Figure 3.50 Effects of initial benzo[a]pyrene concentration and amount of straw 
S M C on A) removal capacity by degradation B) removal capacity by sorption and C) 
total removal capacity for benzo[a]pyrene in water system. Experimental 
conditions: initial pH = 6.30; incubation time = 2 days at 350 rpm; temperature = 25 
°C. Each point and error bar represent mean value and standard deviation of five 
replicates. * Maximum point 
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all tested benzo[a]pyrene concentrations were attained at 0.05 g of straw S M C used. 
Increasing the amount of straw S M C to 0.75 g brought about the decreases in the 
removal capacities. The highest removal capacities by degradation and by sorption 
were 26.44 士 4.68 mg/g and 7.13 ± 1.48 mg/g respectively. 
The highest total removal capacity by both degradation and sorption of 
benzo[a]pyrene were therefore determined to be 33.57 土 6.02 mg/g as 0.05 g of straw 
S M C was used to treat 125 mg/L of benzo[a]pyrene for 2 days at room temperature 
(Figure 3.50 C). 
3.6.3.2.3 Effect of initial pH 
For the effect of the initial pH, there were no significant changes in the 
benzo[a]pyrene elimination by degradation and by sorption at different initial pH 
ranging from 1.30 to 12.00 for a 2-day treatment at room temperature of 25 °C (Table 
3.20 A and Table 3.20 B). Further, the total removal efficiency and removal 
capacity were unaffected and found to be 71.29 土 2.65 % and 33.57 土 6.02 mg/g 
respectively as 0.05 g of straw S M C was used to remove 125 mg/L of 
benzo[a]pyrene (Table 3.20 C). 
3.6.3.2.4 Effect of incubation time 
Figure 3.51 A and Figure 3.51 B show that there were the increasing trends of the 
removal efficiencies by degradation (38.22 士 7.53 % ) and by sorption (8.20 士 2.42 % ) 
at the initial first 10 minutes. Afterwards, the removal by sorption reached a 
plateau. Therefore, the total removal efficiency was governed by degradation only. 
The removal efficiency by degradation was steadily increased to a maximum value of 
63.36 士 3.21 % within 30 minutes and maintained at this value even at prolonged 
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Table 3.20 Effect of initial pH on A) removal efficiency and removal capacity by 
degradation B) removal efficiency and removal capacity by sorption and C) total 
removal efficiency and removal capacity for benzo[a]pyrene by straw S M C in the 
sterilized water system. 
• ^ ： 
Initial pH Removal efficiency Removal capacity by degradation 
by degradation (%) (mg benzo[a]pyrene/g S M C ) 
O O 60.19 ±5.16 28.46 ±3.37 
3.06 63.53 土 4.07 28.83 ±3.22 
6.30 62.91 土 3.22 26.44 士 4.68 
9.30 64.83 ±4.77 26.54 ±3.38 
12.00 60.12 ±4.84 26.89 ±3.50 
^  
Initial pH Removal efficiency Removal capacity by sorption 
by sorption (%) (mg benzo[a]pyrene/g S M C ) 
IM 11.46 ± 2 . 6 4 9.36 土 0.76 
3.06 10.51 ±1.51 9.61 ±0.58 
6.30 8.38 ± 2 . 2 4 7.13 土 1.48 
9.30 11.58 ±2.75 8.63 ±1.14 
12.00 11.44 ±3.90 8.34 ± 1.84 
Q  
Initial pH Total removal efficiency (%) Total removal capacity 
(mg benzo [a]pyrene/g S M C ) 
1.30 71.65 ±3.90 ~37.82 ±3.29 
3.06 74.04 ±2.81 38.44 ±3.68 
6.30 71.29 ±2.65 33.57 ±6.02 
9.30 76.41 ± 6 . 9 2 35.17 土 3.94 
12.00 71.56± 1.41 35.23 ±4.92 
Experimental conditions: benzo [ajpyrene concentration = 125 mg/L; straw S M C 
amount = 0.05 g; incubation time = 2 days at 350 rpm; temperature = 25 °C. Data 
are presented as mean values and standard deviations of five replicates. There are 
no significant differences of the removal efficiencies and removal capacities (p < 
















































































































































































































































































































































































































































































incubation. The change of the removal capacities was similar to that of the removal 
efficiencies (Figure 3.51 C and Figure 3.51 D). Consequently, 30-minute was the 
optimal incubation time for the benzo [ajpyrene removal at room temperature. 
During this period of time, the maximum total removal efficiency and removal 
capacity were found to be 71.29 士 2.65 % and 35.37 土 3.13 m g benzo[a]pyrene/g 
straw S M C respectively. 
3.6.3.2.5 Effect of incubation temperature 
The effect of the incubation temperature on the benzo[a]pyrene removal is presented 
in Figure 3.52 A and Figure 3.53 B. Straw S M C manifested the increasing trends 
of the removal efficiency (from 18.92 土 5.77 % to 98.17 士 2.21 % ) and removal 
capacity (from 4.93 士 1.80 mg/g to 50.00 土 4.28 mg/g) by degradation as the 
incubation temperature was increased from 4 °C to 80 °C. In contrast, the removal 
efficiency and removal capacity by sorption of benzo [ajpyrene were decreased from 
their maximum points (34.79 土 3.96 % and 16.76 土 1.80 mg/g respectively) to near 
zero with increasing the incubation temperature. These findings show that the 
contribution of degradation and sorption to the benzo[a]pyrene removal was being 
changed. At 4 °C, sorption was the major removal mechanism. In contrast, the 
degradation of benzo[a]pyrene became favorable at other incubation temperatures. 
Moreover, the total removal efficiency and removal capacity were increased with 
increasing the incubation temperature. At 80 °C, the total removal efficiency and 
removal capacity for benzo[a]pyrene reached 99.26 士 0.90 % and 51.67 土 4.25 mg/g. 
Both of which were mainly contributed by degradation instead of sorption. 
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Figure 3.52 Effect of temperature on A) removal efficiency and B) removal capacity 
for benzo[a]pyrene in water system. Experimental conditions: benzo [ajpyrene 
concentration = 125 mg/L; straw S M C amount = 0.05 g; initial pH = 6.30; incubation 
time = 2 days at 350 rpm. Each point and error bar represent mean value and 
standard deviation of five replicates. 
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3.6.3.2.6 Putative identification of intermediates and/or breakdown products 
For treatment with S M C at 25。C，the identified compounds in the chromatograms of 
the solid mass and filtrate extracts consisted of ethyl 4-ethoxybenzoate, diethyl 
phthalate, some long chain alkanes consisting of pentadecane, hexadecane, 
heptadecane, octadecane and eicosane, carboxylic acids with carbon atoms more than 
13 as well as benzo [ajpyrene (Figure 3.53 A and Figure 3.53 B). 
The amount of diethyl phthalate was the highest among the compounds found in both 
extracts. Its amount was rapidly increased in the filtrate extract, but flattened in the 
mass extract, with decreasing the benzo [ajpyrene residue after 30 minutes (Figure 
3.54 A and Figure 3.54 B). After that, no significant changes in the levels of 
diethyl phthalate in both extracts were showed when the benzo [ajpyrene 
concentration was levelled off. For alkanes (a peak at 26.30 minutes), their 
amounts started decreasing since 30 minutes. Also, the changes in the correlation 
between the amounts of ethyl 4-ethoxybenzoate in both extracts did not synchronize 
with the loss of benzo [a]pyrene during the course of treatment. 
3.6.4 Benzo[g,h,i]perylene 
3.6.4.1. Soil system 
3.6.4.1.1 Effects of initial benzo[g,h,i]perylene concentration and amount of 
straw SMC on removal efficiency 
For 2,500 mg/kg of benzo[g,h,i]perylene, the removal efficiency was almost doubled 
as the straw S M C amount was increased from 0.02 g to 0.05 g (Figure 3.55 A). 
Nevertheless, further increasing the amount of straw S M C from 0.05 g to 0.75 g did 
not affect the removal efficiencies of all benzo[g,h,i]perylene concentrations. Also, 
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Figure 3.53 Gas chromatograms of A) solid mass extract and B) filtrate extract of 
benzo[a]pyrene sample after treatment with straw S M C in the sterilized water system. 
The removal efficiencies by degradation and by sorption were 63.36 土 3.21 % and 
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Figure 3.54 Correlation between selected compounds and benzo[a]pyrene in filtrate 
and solid mass extracts of water samples. Experimental conditions: benzo [a]pyrene 
二 125 mg/L; S M C = 0.05 g; initial pH 二 6.30; agitation rate = 350 rpm; temperature 
=25 °C. Each point and error bar represent mean value and standard deviation of 
five replicates. The removal kinetic for benzo[a]pyrene is shown in Figure 3.51 and 
the removal efficiencies by degradation and by sorption were 63.36 ± 3.21 % and 
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Figure 3.55 Effects of initial benzo[g,h,i]perylene concentration and amount of straw 
S M C on A) removal efficiency and B) removal capacity for benzo[g,h,i]perylene in 
the sterilized soil. Experimental conditions: soil = 1 g; initial pH = 6.30; incubation 
time = 1 week at 150 rpm; temperature = 25 °C. Each point and error bar represent 
mean value and standard deviation of five replicates. * Maximum point 
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Only 32 % of benzo [g,h,i]perylene was additionally removed when 
benzo[g,h,i]perylene was increased from 10 mg/kg to 2,500 mg/kg. Straw S M C 
could give 100 % removal of benzo [g,h,i]perylene by degradation at best when the 
benzo[g,h,i]perylene concentration was at or less than 25 mg/kg. 
3.6.4.1.2 Effects of initial benzo[g,h,i]perylene concentration and amount of 
straw SMC on removal capacity 
The removal capacity for 2,500 mg/kg of benzo[g,h,i]perylene was increased to a 
maximum value of 42.06 土 2.87 mg/g as the straw S M C amount was raised from 
0.02 g to 0.05 g (Figure 3.55 B). The figure also reveals that the maximum removal 
capacities for other tested benzo[g,h,i]perylene concentrations were obtained at 0.05 
g of straw S M C . However, they were gradually diminished when the amount of 
straw S M C was continuously increased to 0.75 g. For the concentration effect, the 
higher the benzo[g,h,i]perylene concentration was, the higher the removal capacity 
was obtained. A greater increase was obtained as the benzo[g,h,i]perylene 
concentration was increased from 200 mg/kg to 2,500 mg/kg. 
3.6.4.1.3 Effect of initial pH 
Table 3.21 shows that the change of the initial pH from 1.30 to 12.00 had no effect 
on the removal efficiency and removal capacity for benzo [g,h,i]perylene (200 mg/kg) 
by 0.05 g of straw S M C when the incubation time (1 week) and temperature (25 °C) 
were kept unchanged. Under these conditions, the removal efficiency of 71.14 土 
2.41 o/o and removal capacity of 4.02 士 0.32 mg/g were obtained. 
3.6.4.1.4 Effect of incubation time 
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Table 3.21 Effect of initial pH on removal efficiency and removal capacity for 
benzo[g,h,i]perylene by straw S M C in the sterilized soil system. 
Initial pH Removal efficiency (%) Removal capacity 
(mg benzo[g,h,i]perylene/g S M C ) 
1-30 71.22 士 3.01 4.12 土 0.18 
3.06 75.07 士 3.34 4.24 ± 0.45 
6.30 71.14 ±2.41 4.02 ±0.32 
9.30 75.89 土 4.89 4.49 ± 0.27 
12.00 74.17 ± 4 . 3 2 4.17 士 0:38 
Experimental conditions: benzo[g,h,i]perylene concentration = 200 mg/kg; straw 
S M C amount = 0.05 g; sterilized soil amount = 1 g; incubation time - 1 week at 150 
rpm; temperature = 25 °C. Data are presented as mean values and standard 
deviations of five replicates. There are no significant differences of the removal 
efficiency and removal capacity (p < 0.05 by ANOVA). 
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The effect of the incubation time on the benzo [g,h,i]perylene removal at room 
temperature was examined in this experiment. Straw S M C (0.05 g) caused more 
than 43 % disappearance of benzo[g,h,i]perylene (200 mg/kg) by degradation within 
1 day (Figure 3.56 A). It was followed by about 24 % increment of removal at Day 
2. Afterwards, no significant loss of benzo[g,h,i]perylene was found. The change 
of the removal capacity by straw S M C towards benzo[g,h,i]perylene exhibited a 
similar pattern as that of the removal efficiency (Figure 3.56 B). As a consequence, 
the optimal incubation time was found to be 2 days. The maximum removal 
efficiency and removal capacity were 73.37 土 2.71 % and 4.25 土 0.31 m g 
benzo [g,h,i]perylene/g straw S M C respectively. 
3.6.4.1.5 Effect of incubation temperature 
The removal efficiency and removal capacity were almost doubled as the incubation 
temperature was raised from 4 °C to 50。C (Figure 3.57 A and Figure 3.57 B). 
Nonetheless, they remained unchanged when the temperature was further increased 
to 80 °C. Therefore, straw S M C performed effectively in the range of the 
incubation temperature from 50 °C to 80 °C. In this range, the removal efficiency 
and removal capacity reached 1 0 0 土 0。/。and 6.41 土 0.30 mg/g at maximum 
respectively. 
3.6.4.1.6 Putative identification of intermediates and/or breakdown products 
During the treatment of benzo[g,h,i]perylene with S M C for a particular incubation 
time at room temperature, the compounds found in the solid mass extract (soil and 
straw S M C ) included ethyl 4-ethoxybenzoate, diethyl phthalate, some straight and 
long chain alkanes putatively identified as pentadecane, hexadecane, heptadecane, 
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Figure 3.56 Effect of incubation time on A) removal e伍ciency and B) removal 
capacity for benzo[g,h,i]perylene in the sterilized soil system. Experimental 
conditions: benzo[g,h,i]perylene concentration = 200 mg/kg; straw S M C amount = 
0.05 g; sterilized soil amount = 1 g; initial pH = 6.30; agitation rate = 150 rpm; 
temperature = 25 °C. Each point and error bar represent mean value and standard 
deviation of five replicates. Data with same letters represent statistically identical 
(P < 0.05 by A N O V A followed by Tukey test for ranking). 
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Figure 3.57 Effect of temperature on A) removal efficiency and B) removal capacity 
for benzo[g,h,i]perylene in the sterilized soil system. Experimental conditions: 
benzo[g,h,i]perylene concentration = 200 mg/kg; straw S M C amount = 0.05 g; 
sterilized soil amount = 1 g; initial pH = 6.30; incubation time = 1 week at 150 rpm. 
Each point and error bar represent mean value and standard deviation of five 
replicates. Data with same letters represent statistically identical (p < 0.05 by 
A N O V A followed by Tukey test for ranking). 
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tetradecanoic acid (Figure 3.58). Moreover, the amount of the parental compound, 
benzo[g,h,i]perylene, was extensively reduced as compared to that of the control 
before treatment with S M C . 
Figure 3.59 illustrates the kinetics of ethyl 4-ethoxybenzoate, diethyl phthalate and 
benzo[g,h,i]perylene in the extract during the time course. Similar to the results of 
other PAHs tested in the present study, the amount of diethyl phthalate was rapidly 
increased with decreasing the abundance of benzo [g,h,i]perylene in the extract at the 
initial first 2 days. However, once the reduction of benzo[g,h,i]perylene was not 
significant, there was no more formation of diethyl phthalate. The results also 
reveal that there was no direct relationship between the amount of ethyl 
4-ethoxybenzoate formed and the reduction of benzo [g,h,i]perylene. 
3.6.4.2 Water system 
3.6.4.2.1 Effects of initial benzo[g,h,i]perylene concentration and amount of 
straw SMC on removal efficiency 
In general, the removal efficiency by degradation was increased with decreasing the 
concentration of benzo [g,h,i]perylene (Figure 3.60 A). For the benzo[g,h,i]perylene 
concentration at or below 50 mg/L, 100 % degradation could be obtained. 
Furthermore, it is found that adding more straw S M C from 0.05 g to 0.75 g for 
removal increased the removal efficiencies of all tested benzo [g,h,i]perylene 
concentrations except 5 mg/L under which 0.05 g or more of S M C completely 
degraded benzo[g,h,i]perylene. 
As can be seen from Figure 3.60 B, the removal efficiencies by sorption retained at 
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Figure 3.58 A gas chromatogram of solid mass extract of benzo[g,h,i]perylene 
sample after treatment with straw S M C in the sterilized soil system. The removal 
efficiency by degradation was 87.89 ±2.18 % (data obtained from Figure 3.56). 
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Figure 3.59 Correlation between selected breakdown products and 
benzo[g,h,i]perylene in solid mass extracts of soil samples during treatment with 
straw S M C . Experimental conditions: benzo[g，h，i]perylene concentration = 200 
mg/kg; straw S M C amount = 0.05 g; sterilized soil amount = 1 g; initial pH = 6.30; 
agitation rate = 150 rpm; temperature = 25。C. Each point and error bar represent 
mean value and standard deviation of five replicates. The removal kinetic for 
benzo[g,h,i]perylene is shown in Figure 3.56 and the removal efficiency by 
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Figure 3.60 Effects of initial benzo[g,h,i]perylene concentration and amount of straw 
S M C on A) removal efficiency by degradation B) removal efficiency by sorption and 
C) total removal efficiency for benzo [g,h,i]perylene in water system. Experimental 
conditions: initial pH = 6.30; incubation time = 2 days at 350 rpm; temperature = 25 
°C. Each point and error bar represent mean value and standard deviation of five 
replicates. Data at or above 0.05 g of S M C are of the highest and same rank. 
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straw S M C was increased from 0.05 g to 0.75 g. Moreover, the difference between 
the removal efficiencies of different benzo[g,h,i]perylene concentrations ranging 
from 5 mg/L to 125 mg/L was not significant. At the concentration at or below 25 
mg/L, no benzo[g,h,i]perylene molecules were sorbed. The results also indicate 
that straw S M C gave about 14 % sorption of benzo [g,h,i]perylene at maximum. 
From Figure 3.60 C, it is found that the total removal efficiency was increased with 
an increase in the amount of straw S M C from 0.05 g to 0.75 g with the exception of 
the benzo[g,h,i]perylene concentration of 5 mg/L of which a complete removal was 
obtained at all S M C amounts tested. Besides, the difference between the total 
removal efficiencies resulting from the change of the benzo[g,h,i]perylene 
concentration was not significant. 100 % removal of benzo[g,h,i]perylene by 
degradation and sorption was obtained for its concentration at or less than 75 mg/L. 
3.6.4.2.2 Effects of initial benzo[g,h,i]perylene concentration and amount of 
straw SMC on removal capacity 
As shown in Figure 3.61 A and Figure 3.61 B, the maximum removal capacities by 
degradation and by sorption for different benzo[g,h,i]perylene concentrations were 
obtained as 0.05 g of straw S M C was used. They showed the decreasing trends 
with continuously increasing the amount of straw S M C to 0.75 g. The removal 
capacities by degradation and by sorption were increased when the concentration of 
benzo[g,h,i]perylene was increased from 5 mg/L to 125 mg/L respectively. Among 
them，the highest removal capacities by degradation and by sorption were found to 
be 26.86 土 4.08 mg/g and 6.96 土 1.03 mg/g respectively. 
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Figure 3.61 Effects of initial benzo[g,h,i]perylene concentration and amount of straw 
S M C on A) removal capacity by degradation B) removal capacity by sorption and C) 
total removal capacity for benzo [g,h,i]perylene in water system. Experimental 
conditions: initial pH 二 6.30; incubation time = 2 days at 350 rpm; temperature = 25 
°C. Each point and error bar represent mean value and standard deviation of five 
replicates. * Maximum point 
197 
33.82 士 5.10 m g benzo[g,h,i]perylene/g straw S M C . About 80 % of which was 
contributed by degradation (Figure 3.61 C). 
3.6.4.2.3 Effect of initial pH 
Similar to the results of other PAHs tested, the change of the initial pH did not affect 
the degradation and sorption processes of benzo[g,h,i]perylene (125 mg/L) by 0.05 g 
of straw S M C (Table 3.22 A and Table 3.22 B). Therefore, the changes in the total 
removal efficiency and removal capacity for benzo [g,h,i]perylene were not 
significant after 2 days of incubation at room temperature of 25。C (Table 3.22 C). 
3.6.4.2.4 Effect of incubation time 
From Figure 3.62 A and Figure 3.62 B, it is found that the removal efficiencies by 
degradation and by sorption of benzo[g,h,i]perylene were increased by 33.98 士 4.79 
o/o and 11.21 土 0.37 % respectively within 10 minutes. However, the removal 
efficiency by sorption was levelled off since the initial first 10 minutes. In contrast, 
about 24 % increment of the removal efficiency by degradation occurred within 30 
minutes. Afterwards, no more increment of the removal efficiency by degradation 
was observed. The removal capacities of straw S M C towards benzo[g,h,i]perylene 
were changed with the removal efficiencies (Figure 3.62 C — Figure 3.62 D). 
Therefore, the optimal incubation time for the benzo[g,h,i]perylene removal 
determined in this experiment was 30 minutes during which the maximum total 
removal efficiency of 73.17 土 6.14 % and removal capacity of 34.44 土 1.97 mg/g 
were obtained at room temperature. 
3.6.4.2.5 Effect of incubation temperature 
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Table 3.22 Effect of initial pH on A) removal efficiency and removal capacity by 
degradation B) removal efficiency and removal capacity by sorption and C) total 
removal efficiency and removal capacity for benzo[g,h,i]perylene by straw S M C in 
the sterilized water system. 
^  
Initial pH Removal efficiency Removal capacity by degradation 
by degradation (%) (mg benzo [g,h,i]peiylene/g S M C ) 
1.30 60.93 ±3.35 27.19 ± 1 . 0 9 
3.06 61.19 ±3.78 27.94 ±1.84 
6.30 59.54 ±5.11 26.86 ±4.08 
9.30 59.96 土 3.16 26.37 ±1.09 
12.00 58.57 ± 3 . 7 7 26.21 ± 1.02 
B)  
Initial pH Removal efficiency Removal capacity by sorption 
by sorption (%) (mg benzo [g,h,i]perylene/g S M C ) 
1-30 7.31 ±2.16 5.71 ±0.67 
3.06 7.27 ±2.31 6.14 ±0.39 
6.30 10.59 士 2.91 6.96 ±1.03 
9.30 7.13 ± 4 . 0 8 6.52 ± 0 . 5 1 
12.00 9.02 ± 4 . 4 1 6.63 ± 1 . 1 5 
Q _  
Initial pH Total removal efficiency (%) Total removal capacity 
(mg benzo[g,h,i]perylene/g SMC) 
68.24 + 2.01 32.90 ± 1.05 
3.06 68.45 ±2 .28 34.08 ±2 .16 
6.30 70.13 ±2 .21 33.82 ± 5 . 1 0 
9.30 67.08 ±3 .07 32.90 ±1 .21 
12.00 67.59 士 3.16 32.84 ± 0 . 9 9 
Experimental conditions: benzo[g,h,i]perylene concentration = 125 mg/L; straw 
S M C amount = 0.05 g; incubation time = 2 days at 350 rpm; temperature = 25 °C. 
Data are presented as mean values and standard deviations of five replicates. There 
are no significant differences of the removal efficiencies and removal capacities (p < 

















































































































































































































































































































































































































































































































































































































Figure 3.63 A and Figure 3.63 B reveal that the removal efficiency and removal 
capacity by degradation were increased from 2 3 . 9 2 土 7.26 % to 9 7 . 7 4 士 5.05 % and 
from 10.35 士 3.46 mg/g to 49.70 士 3.72 mg/g respectively with the change of the 
incubation temperature from 4。C to 80 In contrast, the removal efficiency and 
removal capacity by sorption was significantly decreased from 34.18 土 8.98 % to 
1.38 士 3.09 o/o and from 18.12 士 3.46 mg/g to 0.77 士 1.72 mg/g respectively under 
the same change. The findings suggest that the degradation of benzo[g,h,i]perylene 
was favorable at all tested incubation temperatures except 4 °C. 
The maximum total removal efficiency and removal capacity were found to be 99.12 
士 1.96 o/o and 50.47 土 2.09 m g benzo[g,h,i]perylene/g straw S M C at the incubation 
temperature of 80 °C for 2 days and degradation was the major removal mechanism. 
3.6.4.2.6 Identiflcation of intermediates and/or breakdown products 
The solid mass and filtrate extracts of the benzo [g,h,i]perylene samples after 
treatment with straw S M C for a specified time interval at 25。C were examined. As 
shown in Figure 3.64 A and Figure 3.64 B, the detectable compounds in both extracts 
besides benzo[g,h,i]perylene consisted of ethyl 4-ethoxybenzoate, diethyl phthalate, 
some straight and long chain alkanes with carbon atoms up to 20 as well as 
carboxylic acids. Even though these compounds could be commonly found in both 
extracts, their amounts varied with each other. The amount of diethyl phthalate was 
the highest among the compounds found in both extracts. 
At the initial first 30 minutes, the amount of diethyl phthalate in the filtrate extract 
was sharply increased with a decrease in the amount of benzo[g,h,i]perylene residue 
in the filtrate (Figure 3.65 A and Figure 3.65 B). At the same time, 11.21 土 0.37 % 
201 
A) 
110 � a a 
100 - 工b . ^ ^ 
妥 80 - c a’ 
� 7 0 - d b, 
I 60 - X b' 
5 50 - a" c， 
I 40 - T Z 
^ 30 - t / 
k b" b" b" 
20 - I 
10 - d’ I T 二 C’， 
0 1 1 1 — 1 I I y I 
0 10 20 30 40 50 60 70 80 90 
B) Temperature (。C) 
60 「 
a 
# 。 _ d 
b’ 
^ I 20 - T c 
M 丄 - y / ^ 
I t X b” b" b" 
^ - I \ 一 …z、 
d， -
0 1 1 1 1 1 1 I y I 
0 10 20 30 40 50 60 70 80 90 
Temperature (。C) 
• • Total removal —Degradat ion • Sorption 
Figure 3.63 Effect of temperature on A) removal efficiency and B) removal capacity 
for benzo[g,h,i]perylene in water system. Experimental conditions: 
benzo[g,h,i]perylene concentration = 125 mg/L; straw S M C amount = 0.05 g; initial 
pH = 6.30; incubation time = 1 days at 350 rpm. Each point and error bar represent 
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hexadecane (SI: 94) or octadecane (SI: 93) 
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Figure 3.64 Gas chromatograms of A) solid mass extract and B) filtrate extract of 
beiizo[g,h,i]perylene sample after treatment with straw S M C in the sterilized water 
system. The removal efficiencies by degradation and by sorption were 59.79 土 9.71 
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Figure 3.65 Correlation between selected compounds and benzo[g,h,i]perylene in 
filtrate and solid mass extracts of water samples. Experimental conditions: 
benzo[g,h,i]perylene = 125 mg/L; S M C - 0.05 g; initial pH = 6.30; agitation rate = 
350 rpm; temperature = 25 Each point and error bar represent mean value and 
standard deviation of five replicates. The removal kinetic for benzo [g,h,i]perylene 
is shown in Figure 3-62 and the removal efficiencies by degradation and by sorption 
were 59.79 土 9.71 % and 13.38 土 3.62 % . * Maximum point 
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of benzo[g,h,i]perylene was sorbed by the S M C biomass within the first 10 minutes. 
Afterwards, their relative amounts remained unchanged. Also, the amount of 
alkanes (a peak at 26.30 minutes) was decreased to near zero since 30 minutes. N o 
significant changes in the amounts of ethyl 4-ethoxybenzoate in both extracts were 
found throughout the entire experiment. 
3.7 Isotherm plots and fitting into monolayer models 
3.7.1 Sorption of naphthalene 
In order to predict the performance of straw S M C in removing naphthalene and the 
characteristics of the sorption process, the results obtained from Section 3.6.1.2.2 
(final naphthalene concentration and removal capacity by sorption) were fitted to the 
monolayer adsorption isotherm models using the mathematical equations in Section 
2.5.6. The Langmuir and Freundlich isotherm plots for the adsorption of 
naphthalene by straw S M C at 25 °C are shown in Figure 3.66 A and Figure 3.66 B 
respectively. From Table 3.23，it is easily seen that the experimental data fitted the 
Freundlich isotherm better than the Langmuir isotherm with the adsorption intensity 
0 ) of 0.92 and adsorption capacity {K) of 1.34 by comparing their correlation 
coefficients (R^). 
3.7.2 Sorption of phenanthrene 
Based on the results obtained from Section 3.6.2.2.2, the Langmuir and Freundlich 
isotherms for the adsorption of phenanthrene by S M C were constructed as shown in 
Figure 3.67 A and Figure 3.67 B respectively. The constants of the isotherms 
deduced from the slopes and y-intercepts of the plots, and the values of R^ of both 
isotherm plots are summarized in Table 3.23. By comparing their R^ values, the 
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Figure 3.66 A) Langmuir isotherm plot and B) Freundlich isotherm plot for 
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adsorption of phenanthrene by straw S M C at room temperature of 25。C. 
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Langmuir isotherm model did. According to the Freundlich monolayer isotherm, 
the values of n and K were found to be 0.82 and 0.76 respectively. 
3.7.3 Sorption of beiizo[a]pyrene 
The Langmuir and Freundlich isotherms for the adsorption of benzo[a]pyrene by 
straw S M C (date obtained from Section 3.6.3.2.2) were plotted as shown in Figure 
3.68 A and Figure 3.68 B respectively. It is found that the equilibrium data could fit 
well into both Langmuir and Freundlich monolayer isotherms with the similar R^ 
values greater than 0.9. 
3.7.4 Sorption of benzo[g,h,i]perylene 
Figure 3.69 A and Figure 3.69 B show that the Langmuir and Freundlich isotherms 
for the adsorption of benzo[g,h,i]perylene by S M C at 25。C respectively (date 
obtained from Section 3.6.4.2.2). Moreover, the constants of the equations deduced 
from both isotherm plots and the values of R^ are presented in Table 3.23. By 
comparing their R^ values, it is obvious that the Freundlich isotherm model gave a 
better fit for the equilibrium data than the Langmuir isotherm model did. However, 
similar to previous three cases, the value of « was less than 1. 
3.8 Toxicological study by Microtox® test 
The toxicity of the individual naphthalene, phenanthrene, benzo[a]pyrene and 
benzo[g,h,i]perylene in the sterilized soil and water systems before and after 
treatment with straw S M C was determined by Microtox® test (Table 3.24 and Table 
3.25). In addition to these, the toxicity levels of the reaction medium, straw S M C 
and organic solvent were measured. As can be seen from these two tables, straw 
S M C + 10 o/o acetone + soil and 10 % acetone + soil posed toxic threats while straw 
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S M C + 10 o/o acetone + ultra-pure water and 10 % acetone + ultra-pure water were 
not toxic. 
3.8.1 Soil system 
Table 3.24 shows that the ECso-smin and ECjo-isnun were very similar for all tested 
samples. In addition, benzo [a]pyrene and benzo [g,h,i]perylene were less toxic than 
naphthalene and phenanthrene at their initial concentrations of 200 mg/kg. After 
treatment with 0.05 g of straw S M C at 80 °C for 2 days, complete removal by 
degradation of these four PAHs was found. From the results of Microtox® test, the 
EC50 of the SMC-treated soil samples was increased. 
3.8.2 Water system 
Similarly, ECsosnn^ was very similar to ECjo-ismin (Table 3.25). Moreover，the order 
of increasing the toxicity of the PAHs (decreasing the EC50) was: 
benzo[g,h,i]perylene, benzo[a]pyrene, naphthalene and phenanthrene. After 
treatment with straw S M C at 80 for 30 minutes, all toxicity was lowered to the 
detection limit of the Microtox® system. 
3.9 Operable conditions of SMC for removal of PAHs 
The operable conditions determined from the above experiments for the removal of 
single naphthalene, phenanthrene, benzo [a]pyrene and benzo [g,h,i]pery lene 
including the P A H concentration, straw S M C amount, initial pH, incubation time and 
incubation temperature in the sterilized soil and water systems are summarized in 
Table 3.26 A - Table 3.26 D. 
3.10 Removal ability of SMC towards PAHs in single and in a mixture 
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Table 3.26 A summary of optimal parameters determined for removal of A) 
naphthalene B) phenanthrene C) benzo [a]pyrene and D) benzo [g,h,i]perylene by 
straw S M C in the sterilized soil and water systems. 
A)    
Optimal conditions Optimal conditions 
for removal in soil for removal in water 
Highest naphthalene 2,500 mg/kg 125 mg/L 
Concentration for removal 
Minimum amount of straw S M C 0.05 g 0.05 g 
Initial pH 1.30-12.00 130-12.00 
Incubation time 1 day 30 minutes 
Incubation temperature 25-80。C 80。C 
^  
Optimal conditions Optimal conditions 
for removal in soil for removal in water 
Highest phenanthrene 25 mg/kg 125 mg/L 
Concentration for removal 
Minimum amount of straw S M C 0.05 g 0.05 g 
Initial pH 1.30-12.00 1.30-12.00 
Incubation time 2 days 30 minutes 
Incubation temperature 80 ^ C 80 ^ C  
Q    
Optimal conditions Optimal conditions 
for removal in soil for removal in water 
Highest benzo[a]pyrene 200 mg/kg 125 mg/L 
Concentration for removal 
Minimum amount of straw S M C 0.05 g 0.05 g 
Initial pH 1.30-12.00 1.30-12.00 
Incubation time 2 days 30 minutes 
Incubation temperature 37-80。C 80 
^ ^  
Optimal conditions Optimal conditions  
for removal in soil for removal in water 
Highest beiizo[g,h,i]perylene 25 mg/kg 75 mg/L 
Concentration for removal 
Minimum amount of straw S M C 0.05 g 0.05 g 
Initial pH 1.30-12.00 1.30-12.00 
Incubation time 2 days 30 minutes 
Incubation temperature 50-80。C 80。。 
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3.10.1 Soil system 
The removal efficiencies of naphthalene, phenanthrene, benzo [ajpyrene and 
benzo[g,h,i]perylene in single (200 mg PAH/kg sterilized soil) were determined. 
From Figure 3.70, 0.05 g of straw SMC could cause 100 % disappearance of 
naphthalene, phenanthrene, benzo [ajpyrene and benzo [g,h,i]perylene by degradation 
when they were treated individually at 80 ®C for 2 days. 
When a mixture of naphthalene, phenanthrene, benzo [ajpyrene and 
benzo[g,h,i]perylene each at 200 mg/kg was treated，0.05 g of straw SMC could 
completely degrade naphthalene and benzo[a]pyrene, but only give the removal 
efficiencies of phenanthrene and benzo[g,h,i]perylene of 73.63 士 3.18 % and 91.88 士 
3.05 o/o respectively. 
As these four PAHs were mixed but 50 mg/kg each under the same experimental 
conditions, straw SMC had 100 % removal for naphthalene, phenanthrene, 
benzo [a]pyrene and benzo [g,h,i]perylene. 
In comparison, the removal efficiencies of naphthalene and benzo [a]pyrene (100 %) 
were not changed in all cases. The removal of phenanthrene and 
benzo[g,h,i]perylene by degradation was reduced from 100 % to 73.63 土 3.18 % and 
91.88 土 3.05 o/o when in mixture respectively. 
3.10.2 Water system 
The removal efficiencies by degradation of 125 mg/L of single naphthalene, 
phenanthrene, benzo[a]pyrene and benzo[g,h,i]peryleiie by 0.05 g of straw SMC for 
30 minutes at 80 were found to be 100 土 0 %, 86.64 土 4.38 %，97.18 士 3.43 % 
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Figure 3.70 Comparison of removal efficiencies of naphthalene, phenanthrene, 
benzo [ajpyrene and benzo [g，h，i]perylene in single and in a mixture in the sterilized 
soil system by straw SMC. Experimental conditions: PAH concentration = 200 
mg/kg; straw SMC amount = 0.05 g; sterilized soil amount = 1 g; initial pH = 6.30; 
incubation time = 2 days at 150 rpm; temperature = 80 Each point and error bar 
represent mean value and standard deviation of five replicates. Data with same 
letters represent statistically identical (p < 0.05 by ANOVA followed by Tukey test 
for ranking). 
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and 95.69 土 4.27 % respectively (Figure 3.71 A). As for sorption, little amounts of 
naphthalene, benzo[a]pyrene and benzo[g’h，i]perylene were bound by straw SMC. 
On the contrary, the sorption of phenanthrene contributed 13.36 士 4.38 % to the total 
removal efficiency (Figure 3.71 B). The total removal efficiencies of these four 
PAHs reached 100 % under these experimental conditions (Figure 3.71 C). 
Straw SMC showed preference in a decreasing order for removing naphthalene, 
benzo[a]pyrene, benzo[g，h,i]perylene and phenanthrene when they were co-
incubated with each other in a mixture. The results indicate that 125 mg/L of 
naphthalene in the mixture could be completely degraded by 0.05 g of straw SMC. 
Moreover, the removal efficiency by degradation of benzo [a]pyrene (80.27 土 2.04 %) 
was higher than that of benzo[g,h,i]perylene (73.15 土 2.65 %). Straw SMC 
performed the worst in the breakdown of phenanthrene in the mixture (51.88 土 3.52 
%). Moreover, 15.02 土 1,00 % of phenanthrene was sorbed by straw SMC while 
the disappearance of naphthalene, benzo [a]pyrene and benzo [g,h,i]perylene by 
sorption was not significant. 
The removal efficiencies by degradation of naphthalene, benzo [a]pyrene and 
benzo[g,h,i]perylene almost reached 100 % whereas no more than 70 % of 
phenanthrene was broken down when each compound in the mixture was at 50 mg/L. 
Similarly, only 12.41 土 4.11 % of phenanthrene was removed by sorption while no 
contribution by sorption towards the other three PAHs in the mixture was revealed. 
In comparison, the removal of naphthalene by degradation was 100 % in all cases. 
In contrast, the removal efficiencies by degradation of benzo [a]pyrene and 
benzo[g,h,i]perylene in the mixture (125 mg/L each) were lowered by about 20 % 
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and 27 % respectively when compared to those obtained in single. Furthermore, 
straw SMC performed the worst in the phenanthrene degradation among other PAHs 
in all cases. Its removal efficiency was reduced by about 35 % in the mixture of 
125 mg/L each and 19 % m the mixture of 50 mg/L each. 
219 
A) 
110 a a, a" a,，， a a b， a" a，’， 
- 门 r ^ ^ 门 c, b，，b”， ~ r ^ ^ 
ff 90 - + • _ 
ii 1 / 1 + 1 
書 i L L i — 1 
Single PAHs (125 mg/L) Mixture of four PAHs (125 Mixture of four PAHs (50 








I a， a， a, 
S 20 - a -r a" a”， a ^ ^ a" a”， a a" a '" 
10 — ^ r ^ 
Q t - - - • 1 1 1 義 11111iFllllllI 1 t.:.:.:.」 ' 
-10 L Single PAHs (125 mg/L) Mixture of four PAHs (125 Mixture of four PAHs (50 
C) mg/L) mg/L) 
110 �a a, a" a，，， a a a" a，，， 
g : ~ “ 塵 C b" b,,， ~ b，丨 I 遍 
I 80 • r ^ ^ + • 
；a 70 - • + • 
笼 60 — ^ H 
^ 50 - • • • 
i 40 - • • • 
I 30 一 誦 • 圖 
3 20 - ^ m ^ B 
- 1 0 - m I • I : • I 
Single PAHs (125 mg/L) Mixture of four PAHs (125 Mixture of four PAHs (50 
mg/L) mg/L) 
• naphthalene • phenanthrene 目 benzo[a]pyrene 園 benzo[g山，i]perylene 
Figure 3.71 Comparison of A) removal efficiencies by degradation B) removal 
efficiencies by sorption and C) total removal efficiencies for naphthalene, 
phenanthrene, benzo [a]pyrene and benzo [g,h,i]perylene in single and in a mixture in 
the sterilized water system by straw SMC. Experimental conditions: PAH 
concentration = 125 mg/L; straw SMC amount = 0.05 g; initial pH = 6.30; incubation 
time = 30 minutes at 350 rpm; temperature = 80 Each point and error bar 
represent mean value and standard deviation of five replicates. Data with same 




4.1 Characterization of SMC 
The physical and chemical properties of the spent compost of oyster mushroom 
Pleurotus pulmonarius determined in the present study (Table 3.12) are compared 
with those of button mushroom Agaricus bisporus which is the world most popular 
cultivated mushroom (Table 4.1) and straw S M C (Table 1.9). All these spent 
composts were neutral and lightly basic. Moreover, they consisted of the organic 
content of about 20 % which included cellulose, hemicellulose, hemicellulose and 
lignin (Ching, 1997; Kuo and Regan, 1998). However, the C:N ratios of S M C of 
oyster mushroom in both studies were lower than that of the spent compost of button 
mushroom. The difference may be accounted for different cultivation substrates 
used for these two mushroom species. The dominant components of the mushroom 
compost are made up of peat moss, chicken manure and straw for A. bisporus 
whereas the cultivation compost for oyster mushrooms is straw (Ching, 1997). As 
suggested by Reed and Keil (2000)，spent composts with a high carbon content may 
cause a reduction in the availability of nitrogen. This should be taken into account 
when its practical use is evaluated. Further, both types of S M C showed high values 
of macro-nutrients such as potassium, calcium and phosphorus. The high content of 
calcium is attributed to the addition of lime (2 %) during the preparation of composts 
(Ching, 1997) and calcium was not all taken up by the mushroom (Chin et al, 1998). 
On the other hand, the high content of phosphorus and little amounts of heavy metals 
found in straw S M C make it more favorable to act as a fertilizer than the spent 
compost of button mushroom (Chong and Ririker, 1994; Ching, 1997). 
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Table 4.1 Physical and chemical properties of S M C using bark as a growing medium 
(Chong and Rinker, 1994). 
Physical properties 
Bulk density (g/cm^) 0.16 
Air pore space (%) 36 
Water pore space (%) 40 
Total pore space (%) 76 
Shrinkage (cm) 23 
pH 6.6 
Electrical conductivity (mS) 0.4 
Chemical properties 
Carbon (%) 28 
Nitrogen (%) 0.4 
C:N ratio 67 
















As mentioned in Chapter 1, S M C not only harbors a variety of microorganisms 
including actinomycetes, bacteria and other fungi other than the mushroom species, 
but also immobilizes many kinds of enzymes mainly produced by the fungus being 
grown in the compost substrate (Kuo and Regan, 1992 and 1998; Ball and Jackson, 
1995; Dooley et al., 1995; Semple and Fermor, 1995; Ching, 1997; Miles and Chang, 
1997; Semple et al., 1998; Eggen, 1999; Harmsen et al., 1999). Degrading the P A H 
molecules and other organic pollutants are the ligninolytic enzymes which are 
immobilized by the spent mushroom compost (Okeke et al., 1993; Dooley et al” 
1995; Semple and Fermor, 1995; Eggen, 1999; Harmsen et al., 1999). Ball and 
Jackson (1995) reported that lignin-degrading activities including peroxidase and 
phenol oxidase, and cellulose-degrading activities such as endoglucanase, 
cellobiosidase and (3-glucosidase were recovered from blended compost extracts. 
Also, some extracellular ligninolytic enzymes such as laccase，lignin peroxidase, 
manganese peroxidase and aryl-alcohol oxidase were found in the residual substrates 
from mushroom farms (Bonnen et al., 1994; Minna Laine and Jorgensen, 1996 and 
1997; Miles and Chang, 1997; Eggen, 1999; Harmsen et al,, 1999). Owing to the 
non-specific characteristic, the ligninolytic enzymes oxidize a variety of organic 
pollutants and xenobiotic compounds having similar structures as lignin (Bumpus, 
1989; Bogan and Lamar, 1995; Collins et al., 1996; Hofrichter et al., 1998). 
Degrading the PAHs is not the only removal mechanism employed by S M C since the 
microbial biomass and other structural constituents of the spent straw compost 
serving as sorbents may also offer a complementary mechanism as demonstrated in 
the present study. 
4.2 Removal abilities of different sorbents towards PAHs in water 
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The infrared spectra of the fermented straw, fruiting bodies and straw S M C between 
4000 cm] and 400 cnfi are shown in Figure 3.20 A - Figure 3.20 C, indicating the 
presence of many possibly functional groups for biosorption. With reference to 
Guibal et al (1995)，those peaks showing the amide bands at 1650 (amide I), 1550 
(amide II) and 1310 cm'^ (amide III) represent the characteristic bands of chitin. By 
specific extraction and colorimetric measurement, chitin was confirmed to be present 
in these three materials (Table 3.13). 
Chitin is a commonly used adsorbent since it is the most widely occurring natural 
carbohydrate polymer next to cellulose (McKay, 1996). It is widely distributed 
throughout nature, being the main structural polysaccharides which forms the 
characteristic exoskeleton of crustaceans such as shrimp, crab and lobster. It is also 
found in the cell wall of flingi (McKay, 1996). Thus, fruiting bodies and the spent 
mushroom compost which is an interwoven mass of vegetative hyphae of the 
mushroom colonizing the plant substrate have detectable chitin contents. For the 
fermented straw, a composting procedure incorporated in the operation utilizes 
air-bome or indigenous microorganisms to decay the compost. These 
microorganisms include fungi, and thus explaining the source of chitin in the 
fermented straw (Chiu et al., 2000). 
Chitin is a long and unbranched polysaccharide, and can be regarded as an analog of 
cellulose where the C2 hydroxyl group (-0H) has been replaced by the acetyl amino 
group (-NHCOCH3). The primary unit in the chain polymer is 
2-deoxy-2-(acetyl-amino) glucose. These units are linked by 4) glycosidic 
bonds forming a long chain linear polymer having degrees of polymerization around 
2,000 to 4,000 (Masel, 1996). Figure 4.1 shows the molecular structure of chitin in 
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which the acetyl amino group acts as a functional group for binding with molecules 
of the adsorbed species. 
^OH >0H >0H 
NH H^ H^ 
C=0 C=0 C=0 
CH3 CH3 CH3 
Figure 4.1 A chemical structure of the repeating units of chitin. 
Moreover, two kinds of functional groups are found. Weakly reactive molecules 
like lipids or glucans of which the hydroxides are reactive and strongly reactive 
molecules such as glucuronic acids, amino acids, proteins, chitin and chitosan. The 
major sorbing functional groups are amine，amide or carboxylic acids (Burgos et al., 
1996). The high contents of phosphorus and sulphate found in S M C (Table 3.12) 
highlight that phosphorylated and sulfhydryl groups are also present. All these 
functional groups are capable of sorbing the PAH molecules (Tobin et al., 1984; 
Ho Ian and Volesky, 1995). The ability and mechanism of the microbial biomass or 
S M C to adsorb organic compounds is not as well characterized as metal uptake. 
Little information has been reported. However, earlier studies proposed that 
binding of PAHs could occur possibly by van der Waals forces, hydrogen bonding, 
hydrophobic bonding, formation of charge transfer complexes, ion exchange, 
covalent bonding or a combination of these reactions (Stringfellow and 
Alvarez-Cohen, 1999). 
In order to examine the sorption abilities of the fermented straw, fruiting bodies and 
straw S M C , the materials were autoclaved and grounded into fine powder. The 
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results are listed in Table 3.14. Similar performance was obtained for naphthalene 
and phenanthrene (complete removal), but for benzo [ajpyrene and 
benzo[g,h,i]perylene, straw S M C generally did better than the others. Naphthalene 
and phenanthrene are the PAHs of 2-ring with linear arrangement and 3-ring with 
angular arrangement respectively. Their structures are not as large and bulky as 
those of benzo[a]pyrene (5-ring in cluster) and benzo[g,h,i]perylene (6-ring in 
cluster). The difference in sorption efficiencies for these PAHs may be accounted 
for by their molecular structures (Bossert and Bartha, 1986; Kochany and Maguire, 
1994; Harvey, 1997; Ye et al., 1996; Yuan et al., 2000). 
Although biosorption refers to adsorption onto wall materials of the biosorbent and 
absorption by the various components of cells (Bell and Tsezos, 1987 and 1988; 
Viraraghavan and Rao, 1991; Banks and Parkinson, 1992; Guibal et al., 1995; Cheng, 
1998), the performance of the three sorbents in this study towards benzo[a]pyrene 
and benzo[g,h,i]perylene correlates well with their chitin contents (Table 3.13). 
4.3 Removal abilities of raw and autoclaved SMC towards PAHs in water 
Autoclaved straw S M C no longer removed the 4 PAHs by biodegradation because 
the immobilized enzymes in the spent compost have been denatured and a large 
proportion of microorganisms has been killed during the sterilization process at high 
pressure and temperature. However, it is interesting that the removal efficiencies by 
sorption of these four compounds by the autoclaved straw S M C were greatly 
enhanced. They reached almost 100 % for naphthalene and phenanthrene and were 
increased by 8-fold and 12-fold for benzo [ajpyrene and benzo [g,h,i]perylene when 
compared with the raw straw S M C correspondingly. Even though autoclaving as a 
method for killing microbes possibly causes cell lysis which significantly changes 
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the physico-chemical properties of the biomass when used as a sorbent (Ning et al., 
1996) and previous study showed that the living biomass was more effective m 
removing pentachloronitrobenzene than the dead biomass did by adsorption 
(Lievremont et al,, 1996), our results indicate that the heat treatment does not 
adversely affect the adsorption performance of S M C . Thus, autoclaving might lead 
to the exposure of more binding sites or higher availability for adsorption. Or in the 
case of the raw S M C , the sorbed PAHs would immediately be degraded by the 
immobilized enzymes in SMC. As a consequence, the contribution by sorption in 
removal was lowered. The latter might also be the case for the results obtained in 
the experiments studying the effect of temperature (to be discussed below in Section 
4.5.4). In total, the removal efficiencies of four PAHs by the autoclaved S M C and 
the raw S M C were the same. 
4.4 Extraction efficiencies of PAHs 
This study finds out that two successive extraction steps using dichloromethane were 
optimal for extraction (Table 3.2 and Table 3.3). Under different experimental 
conditions of PAH concentration, temperature, incubation time, the extraction 
efficiencies of about 80 % to 87 % for naphthalene and phenanthrene, and of 92 % 
and 97 % for benzo[a]pyrene and benzo[g,h,i]perylene, respectively, were obtained. 
These are better than or comparable as those reported in the literature: 65 % - 85 % 
for naphthalene, about 89 % for phenanthrene and up to 98 % for benzo[a]pyrene and 
benzo[g,h,i]perylene (Futoma, 1981; Singh et al, 1998; Reddy and Quinn, 1999). 
Similarly, Eschenbach et al. (1994) reported that the recoveries of fluroanthene and 
benzo[a]pyrene from soil were more or less the same at low (1 mg/kg) and high (100 
mg/kg) PAH concentrations using three successive extractions (1 step: acetone 
extraction, 2 step: toluene extraction, 3 step: saponification). Futoma (1981) stated 
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the following advantages of using dichloromethane as the extraction solvent. 
1) It is available in highly purified form. 
2) It is relatively chemically inert. 
3) It will dissolve many compounds at low concentrations. 
In this study, the extraction efficiencies of naphthalene in the soil and water systems 
at 80 °C were lower than those at other temperatures due to volatilization and/or 
degradation (Bossert and Bartha, 1986) whereas the other three PAHs, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene, were stable against higher temperatures. 
Apart from these, the extraction efficiencies of the PAHs obtained in this study are 
generally increased with increasing the molecular weight or number of fused 
aromatic rings but decreasing the water solubility (Eschenbach et al., 1994; 
Boonchan et al., 1998; Kilbane II, 1998; Palmentier et al., 1989). The decreasing 
order in terms of the water solubility is as follows: naphthalene (31.7 mg/L), 
phenanthrene (1.15 mg/L), benzo [ajpyrene (0.0038 mg/L) and benzo [g,h,i]perylene 
(0.00026 mg/L). 
The extraction efficiencies for all the tested PAHs in the soil and water systems were 
similar although PAHs are bound or sorbed to soil humic compounds to reduce 
availability or placing difficulty in extraction (Bollag and Loll, 1983; Bollag et al., 
1992; Eschenbach et al., 1994). One possible explanation for the good recovery in 
this study may be because of the use of sonication and vigorous shaking during the 
extraction process and the large volume of dichloromethane used in extraction for the 
soil system. These greatly improve the mass transfer of the PAHs from soil to the 
extraction solvent. Kilbane II (1998) documented that sonication performed in 50 
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m L of acetone/hexane or toluene for one hour at 50 hertz could enhance the 
extractability of PAHs from soils. 
4.5 Factors affecting removal of PAHs by SMC 
4.5.1 Initial PAH concentration and amount of straw SMC 
The extent of degradation was reduced with increasing the P A H concentration at the 
fixed amount of straw S M C used except for naphthalene which was completely 
degraded at different concentrations from 10 mg/kg to 2,500 mg/kg. Furthermore, 
straw S M C gave the degradation of 100 % for lower concentrations of phenanthrene, 
benzo[a]pyrene and benzo[g’h，i]perylene after 2 days of incubation at room 
temperature of 25 °C. Competition among the PAH molecules for active sites for 
enzymatic breakdown and the increasing repulsion of the molecules with the same 
charges at higher PAH concentrations might have occurred especially under the high 
concentrations of benzo [ajpyrene and benzo [g,h,i]perylene. 
For the effect on the removal capacity, with the fixed amount of S M C used, the 
amount of the PAH removed is proportional to the removal capacity. When 
expressed in absolute amounts, the PAHs were degraded to a greater extent at higher 
concentrations due to higher probability of collusion between the PAH molecules and 
immobilized enzymes trapped inside SMC. Also, the amount of the enzymes for 
biodegradation in M C has not reached a limiting condition. 
The low level of bioavailability, that is, slow release of the pollutant from the solid 
phase to the aqueous phase, is one of the most important factors resulted in the 
incomplete degradation of some PAHs (Manilal and Alexander, 1991; Volkenng et 
a/.，1995; Tiehm et al, 1997; Kilbane II, 1998; Mulder et al., 2001). Owing to the 
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hydrophobic characteristic, PAHs especially with higher molecular weights such as 
benzo[a]pyrene and benzo[g,h,i]perylene in our case are likely to be bound with the 
soil organic matter by various mechanisms to form polylayers (WoIter et aL, 1997). 
The binding of dodecylbenzenesulfonates by colloidal components of soil reduced 
their degradation (Manilal and Alexander, 1991) and the extent of the benzyl amine 
mineralization in lake water diminished in the presence of montomorillonite 
apparently because the clay bound the aromatic amine (Subba-Rao and Alexander, 
1982). Further, Stringfellow and Alvarez-Cohen (1999) reported that the presence 
of high concentrations of bacteria which did not possess PAH-degrading activities in 
the activated sludge biomass significantly limited the availability of PAHs for 
biodegradation. Biodegradation and sorption to soil are the complicated competing 
processes (Guerin and Boyd, 1992; Jacobsen et al., 1996). 
There were the drastic increases in the removal of 2,500 m g PAH/kg sterilized soil as 
the amount of S M C used was increased from 0.02 g to 0.05 g for naphthalene, 
phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene. Further increase in the 
amount of straw S M C did not improve the removal efficiencies for all tested PAH 
concentrations. Thus, 0.05 g of S M C was determined to be the optimal amount 
used to yield the maximum degradation of these four PAHs individually. 
Among the tested PAHs in the present study, naphthalene is the most easily degraded 
one. This result is in agreement with many studies that low-molecular-weight 
PAHs such as naphthalene are more susceptible to microbial attack than those larger 
PAHs with aromatic rings up to four or more (Bossert and Bartha, 1986; Heitkamp 
and Cemiglia, 1988; Mueller et aL, 1989; Cemiglia, 1992; Muncnerova and 
Augustin, 1994; Stringfellow and Aitken, 1995; Shuttlesworth and Cemiglia, 1996; 
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Gramss et al., 1999). Since the oxidative ligninolytic enzymes immobilized in 
S M C function in the aqueous medium, the degradability of the PAHs is possibly 
related to their water solubility. The relatively high water solubility of naphthalene 
(31.7 mg/L) enhances its mobility and the resulting bioavailability for degradation 
(Mulder et al, 2001). 
Nonetheless, the degradative removal of phenanthrene, benzo [ajpyrene and 
benzo[g,h,i]perylene by straw S M C in soil do not correlate with either the number of 
fused aromatic rings and nor water solubility of these compounds unlike the 
suggestions by Bossert and Bartha (1986) and Ye et al. (1996). Our results show 
that phenanthrene (three-ringed PAH) was generally degraded to a minor extent than 
benzo [ajpyrene (five-ringed PAH) and benzo [g,h,i]perylene (six-ringed). This 
might be related to the structure of molecules. The bonds between fused angular 
rings such as the C9-C10 bond of phenanthrene are referred as K-region bonds with 
relatively high bond orders (Figure 1.3). Each of them possesses a considerable 
degree of double-bond character, therefore becoming relatively less susceptible to 
degradation (Bossert and Bartha, 1986; Harvey, 1997). The bioavailability and 
biodegradability of PAHs depend primarily on the complexity of their chemical 
structures and corresponding physio-chemical properties (Bossert and Bartha, 1986; 
Trzesicka-Mlynarz and Ward, 1995; Ye et al., 1996; Yuan et al., 2000). 
Despite of the incomplete degradation of some PAHs at higher concentrations, using 
S M C for removal appears to be promising but await improvement when compared to 
some similar studies. Eggen (1999) investigated the removal ability of the fungal 
inoculum, Pleurotus ostreatus, obtained from two commercial oyster mushroom 
producers towards the creosote-contaminated soil. After treatment for 7 weeks, 86 
231 
o/o of total 16 PAHs, 89 % of 3-ring PAHs (acenaphthylene, acenaphthene, fluorene, 
phenanthrene and anthracene), 87 % of 4-ring PAHs (fluoranthene, pyrene, 
benz [a] anthracene and chrysene) and 48 % of 5-ring PAHs (benzo[b] fluoranthene, 
benzo [k] fluoranthene, benzo [ajpyrene and dibenzo[a,li] anthracene) in the presence 
of fish oil which was used to enhance the solubility of hydrophobic compounds 
instead of traditionally used surfactants were obtained. In another study, the 
concentrations of total PAHs (their initial concentrations ranging from 800 mg/kg to 
1,400 mg/kg) in contaminated sediments was reduced by 61 % over a 12-week 
treatment period by composting (Potter et al., 1999). 73 % and 49 % of the removal 
of 3- and 4-ring PAHs were found respectively whereas little or no degradation of 
large (5- and 6-ring) PAHs was detected by the compost treatments. 
Moreover, W o Iter et al. (1997) studied the degradation of eight unlabeled highly 
condensed PAHs as well as the mineralization of three "^^ C-labeled PAHs by the 
white-rot fungus Pleurotus sp. Florida. The PAH-loaded sea sand was mixed into 
the straw substrate and incubated. After 15 weeks of incubation, the recoveries of 
unlabeled 4- to 6-ring PAHs were less than 25 % of the initial amounts of 50 ^ g/kg. 
In addition, 53 % of pyrene, 25 % of benz [a] anthracene and 39 % of benzo [ajpyrene 
were mineralized to carbon dioxide in the presence of eight unlabeled PAHs (50 
M-g/kg applied). At an initial amount of 1,250 fig/kg, pyrene was reduced to about 
1,000 }j.g/kg after 15 weeks. Additionally, the residual benz[a]anthracene, 
benzo[b]fluoranthene, benzo[a]pyrene and benzo[g,h,i]perylene were between 300 
M-g/kg and 600 |j.g/kg. Chrysene was reduced to 200 |j.g/kg compared with the 
recoveries at the beginning of the experiment. These findings demonstrate the high 
capability of the white-rot fungi to degrade a mixture of high-molecular-mass PAHs 
under the conditions of solid-state fermentation predominating during the soil 
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bioremediation. Scaling up of the laboratory scale to pilot study is needed to test 
the feasibility of using the spent mushroom compost for soil bioremediation. 
In water, for naphthalene, phenanthrene, benzo [ajpyrene and benzo [g,h,i]perylene, 
increasing the individual PAH concentration from 5 to 125 mg/L reduced the 
removal efficiency by degradation, but enhanced the removal efficiency by sorption 
at different amounts of straw S M C investigated in the present study. Complete 
degradation could be achieved at the naphthalene concentration at or below 125 
mg/L. In other words，little or no sorption by straw S M C was found under these 
conditions since straw S M C made use of an integrated approach including 
degradation and sorption to treat pollutants as reported by Ching (1997) and Dan and 
Ofer (1997). Furthermore, straw S M C gave complete removal by both degradation 
and sorption for phenanthrene and benzo[a]pyrene with their concentrations as high 
as 125 mg/L and for benzo[g,h,i]perylene at or below 75 mg/L at 25。C. 
Owing to competition among the PAH molecules for binding sites of cell wall 
components and structural constituents of S M C for sorption and electrostatic 
repulsion between the molecules of the same species, higher initial PAH 
concentrations usually result in lower sorption yield. However, our findings show 
that an increase in the PAH concentration increases the biosorption of the PAH with 
the same amount of straw SMC, indicating that the binding sites in straw S M C were 
not saturated. At low PAH concentrations, the PAH is rapidly broken down by the 
immobilized enzymes, explaining the low sorption capacities determined (details 
discussed in Section 4.5.3). 
For biodegradation, with the limited amount of the non-specific extracellular 
233 
enzymes involved in the PAH degradation, increasing the PAH concentrations greatly 
enhances not only competition among the molecules of the same PAH for active sites 
of the enzymes but also the repulsion of the molecules with the same charges which 
result in the PAH becoming less accessible for microbial attack. In addition, most 
PAHs are of low water solubility and vapor pressures, and high octanol-water 
partitioning coefficients (Kilbane II，1998). As a consequence of these chemical 
properties, they may have a high affinity for association with structural constituents 
of straw S M C which has the carbon content of 23.21 土 0.38 %. This lack of 
mobility often reduces their bioavailability and therefore biodegradation by the 
water-soluble enzymes (Eschenbach et al., 1994; Kastner and Mahro, 1996; Mulder 
et al, 2001). 
A rise in removal efficiencies by degradation was obtained when straw S M C was 
increased from 0.02 to 0.05 g. There were no significant increments of the removal 
efficiencies by degradation and by sorption after 2 days at room temperature as the 
amount of S M C was further increased. Continuous addition of S M C exceeding 
0.05 g to the reaction mixture is regarded as in excess. 
From Table 3.26 A — Table 3.26 D, it is seen that straw S M C could give the 
maximum total removal (by degradation and sorption) for naphthalene, phenanthrene 
and benzo[a]pyrene up to 125 mg/L, but only for 75 mg/L of benzo[g,h,i]perylene. 
For the effect on biodegradation only, however, S M C degraded these PAHs with the 
removal efficiencies and removal capacities in the order of naphthalene (2-ring linear) 
and benzo[g,h,i]perylene (6-ring cluster) > benzo [ajpyrene (5-ring cluster) and 
phenanthrene (3-ring angular). A general pattern of an inverse correlation of 
disappearance with the degree of ring condensation emerges regardless of their 
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number of fused aromatic rings as in the soil solid system. 
The removal of pesticides and chlorinates aromatics by activated sludge, a solid 
waste, has been well studied (Bell and Tsezos, 1988; Tsezos and Bell, 1988; Jacobsen 
et al., 1993 and 1996; Nyholm et al,, 1993; Stringfellow and Alvarez-Cohen, 1999). 
And in these cases, sorption was a significant removal mechanism in activated sludge 
systems (Stringfellow and Alvarez-Cohen, 1999). Barclay et al. (1995) investigated 
the ability of the white-rot fungus Phanerochaete chrysosporium to degrade and sorb 
various PAHs. Under static and nitrogen-deficient conditions, P. chrysosporium 
could mineralize both phenanthrene (800 |Lig/L) and benzo[a]pyrene (76 jiig/L) in 
liquid cultures. Based on the radioactive tracing, total mineralization was limited to 
1.8 % for phenanthrene and 3 % for benzo[a]pyrene while sorption to the biomass 
was very significant with 40 % for phenanthrene and 22 % for benzo[a]pyrene. In 
comparison, our findings show that the degradation of naphthalene, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene is much more predominant than the 
sorption processes for all tested concentrations (5 - 125 mg/L) and even reaches 
100% at lower PAH concentrations. 
The prospect of using the spent compost to treat PAHs within a short period of time 
(about 30 minutes comparable to chemical reaction rates, details discussed in Section 
4.5.3) can be further supported since our results are comparative to other studies 
employing micro-organisms. Samanta et al. (1999) documented that four 
PAH-degrading bacteria, namely Arthrohacter sulphureus, Acidovorax delafieldii, 
Brevibacterium sp. and Pseudomonas sp.，gave the phenanthrene degradation of 30.1 
% , 35.6 %, 26.5 % and 2.1 % respectively within 18 hours of incubation at the initial 
phenanthrene amount of 100 mg/L. For a mixed bacterial community isolated from 
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the creosote-contaminated soil utilizing fluoranthene as the sole carbon source for 
growth, after 3 days of incubation, 13 of the original 17 P A H components including 
naphthalene (17.1 mg/L), phenanthrene (7.0 mg/L) and benzo[ajpyrene (1.2 mg/L) 
were degraded to levels below the limit of detection (10 ng/L) (Mueller et aL, 1989). 
In these systems the incubation period covers the time taken for the encounter with 
the substrate(s), selection and survival of the organisms, enzyme induction, de novo 
enzyme biosynthesis and biodegradation (Ching, 1997; Chiu et al., 2000). As 
suggested by Beckles et al. (1998)，and Bauer and Capone (1988), a microbial 
culture may not be able to degrade a particular PAH effectively in the presence of 
other PAHs during the initial stage of enrichment. However, when the incubation 
time is prolonged, the culture possibly demonstrates significant degrading activity. 
This may be indicative of enzyme induction mechanisms or a community shift 
favoring P A H degradation. 
The observed high removal ability of straw S M C found in our results is attributed to 
several reasons. Straw S M C is not only rich in nutrients for the inoculant and 
indigenous microorganisms in contaminated soils but also able to harbor a diversity 
of microorganisms (Kuo and Regan, 1992; Semple and Fermor, 1995; Dan and Ofer, 
1997; Miles and Chang, 1997). On the other hand, a wide range of the extracellular 
oxidative enzymes including peroxidase, phenol oxidase, endoglucanase, 
cellobiosidase，P-glucosidase (Ball and Jackson, 1995)，laccase, lignin peroxidase, 
manganese peroxidase and aryl-alcohol oxidase were recovered from blended 
compost extracts (Dan and Ofer, 1997; Miles and Chang, 1997; Eggen, 1999; 
Harmsen et al., 1999) and are of the sort known to degrade PAHs and other 
organopollutants besides biosorption (Haemmerli et al., 1986; Dhawale et al, 1992; 
Barclay et al., 1995; Field et al, 1995; Bogan et al., 1996; Crawford and Crawford, 
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1996; Hammel et al., 1996; Wolter et al, 1997; Eggen, 1999; Novotny et al., 1999). 
4.5.2 Initial pH 
For both soil and water systems, there were no significant changes in the removal of 
naphthalene, phenanthrene, benzo [ajpyrene and benzo [g,h,i]perylene by degradation 
and by sorption at a wide range of the initial pH from acidic to alkaline conditions. 
The final pH after adding straw S M C into the samples with different initial pHs from 
1.30 to 12.00 was around 6 - 7 (Table 4.2), and thus reflecting the buffering effect of 
S M C . S M C contains high concentrations of ions (Table 3.12) and these ions are 
released out such as through ion exchange to neutralize the nutrient medium. Also, 
the addition of lime which is used to adjust the pH favorable for the growth of 
mushrooms in the preparation of composts provides S M C with a buffering capacity. 
This characteristic makes S M C favorable to act as a bioremediating agent since it can 
be applied in treating PAH-contaminated sites in extreme conditions under which the 
degradation process is possibly retarded, but after the addition of SMC, a stable and 
near neutral pH environment for microbes and enzymes to function. 
4.5.3 Incubation time 
Table 3.26 A - Table 3.26 D show that the optimal incubation time for the complete 
degradation of naphthalene (200 mg/kg) by 0.05 g of straw S M C at room 
temperature was 1 day whereas the biodegradation of other individual PAHs 
including phenanthrene, benzo [ajpyrene and benzo[g,h,i]perylene took 2 days to 
reach their maximum removal. In the latter case, the process of biodegradation can 
be divided into three stages: exponential phase (in the first day), deceleration phase 
(in the second day) and stationary phase. The resulting pattern can be attributed to 
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Table 4.2 Final pH measured after adding straw S M C into PAH samples prepared 
with different initial pH. 
Initial pH Final pH after addition of straw S M C 
1-30 6.03 ± 0.26b 
3.06 6.34 ± 0.08b 
6.30 6.28 ± 0.22b 
9.30 6.42 土 0.47b 
12.00 7.12 土 l.Oia  
Data presented as mean values and standard deviations of five replicates. Data with 
same letters represent statistically identical (p < 0.05 by A N O V A followed by Tukey 
test for ranking). 
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the immobilized enzymes trapped inside SMC. In the early stage of incubation, the 
decline in the amount of the PAHs was tremendous. Afterwards, the biodegradation 
of the PAHs slowed down. In this phase, either depletion or spontaneous 
degradation of the enzymes and the accumulation of the toxic by-products of the 
PAH metabolism can be accounted for the deceleration of the PAH degradation by 
straw S M C (Shuler and Kargi, 1992; Field et aL, 1995). Furthermore, due to their 
hydrophobic characteristic, PAHs are likely bound or sorbed to the soil organic 
matter and S M C biomass by various mechanisms reducing the availability for 
enzymatic breakdown (Manilal and Alexander, 1991; Semple et al., 1998). 
Ultimately, the absence of further increases in the removal efficiency and removal 
capacity by degradation with lengthened incubation was observed. This is caused 
by the inactivation and exhaustion of the enzymes involved in the PAH degradation 
(Shuler and Kargi, 1992; Field et al., 1995) as well as the adverse change in the 
cultivation medium (Chiu et al., 1998). As PAHs are characterized by extremely 
high octanol-water partitioning coefficients and low vapor pressures especially for 
high-molecular weight PAHs, the naturally occurring organic matter is an excellent 
sorbent for these compounds (Weissenfels et aL, 1992; Fu et al., 1994; Burgos et al., 
1996; Kan et al., 1997). Several studies have highlighted that the longer an organic 
compound is in a given soil environment, the more likely it is to be affected by 
chemical and physical processes such as molecular diffusion into soil micro- and 
nanopores, partitioning into soil organic matters and strong surface sorption to soil 
constituents (Weissenfels et al, 1992; Chiou et al., 1998; Semple et al., 1998; 
Mahjoub and Gourdon, 1999). Pignatello and Xing (1996) reported that sorption 
could be rate-limiting to bioavailability, biodegradation and subsurface transport of 
contaminants. Longer incubation time results in the migration of an increasingly 
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fraction of the pollutant into the organic soil material. This process reduces the 
bioavailability of the compound to degrading microorganisms, thus retarding the 
effectiveness of the treatment (Manilal and Alexander, 1991; Ball and Roberts, 1991; 
Weissenfels et aL, 1992; Fu et al., 1994; Burgos et al, 1996; Pignatello and Xing, 
1996; Semple et al” 1998; Mahjoub and Gourdon, 1999). 
The maximum removal efficiencies and removal capacities by degradation were 
attained at the initial first 20 minutes for naphthalene (125 mg/L) and 30 minutes for 
phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene at room temperature in the 
water system. Afterwards, there were no significant changes in the removal 
efficiencies and removal capacities by degradation for these four PAHs at different 
time-points. 
Using living organisms, a period of adaptation of microorganisms to a new 
environment after inoculation occurs immediately and is known as lag phase (Shuler 
and Kargi, 1992). Benzo[a]pyrene was mineralized to 50 % of its initial amount by 
Phanerochaete chrysosporium within 100 days in soil after a lag phase of 50 days 
(Gramss et al, 1999). The inhibition of the simultaneous presence of other 
hydrocarbons in the culture also affected the enzyme induction system and resulted 
in the delay of the PAH degradation (Bauer and Capone, 1988; Beckles et al., 1998; 
Yuan et aL, 2000). Furthermore, Heitkamp and Cemiglia (1988) found that the 
pyrene-induced bacterial cultures readily mineralized 35 - 57 % of fluoranthene, 
pyrene and phenanthrene at the first day of incubation whereas naphthalene was 
rapidly mineralized after an initial 2-day lag period. Therefore, these results 
suggest that microorganisms take time for the de novo synthesis of the inducible 
enzymes to degrade PAHs. 
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In our findings，the rapid PAH degradation within a short period of time is resulted 
from the activities of the ligninolytic enzymes which are immobilized in this straw 
S M C (Tsang and Chiu, personal communication) and recoverable from the spent 
compost of other mushroom species (Shuler and Kargi, 1992; Barclay et al., 1995; 
Bauer and Capone, 1988; Beckles et al., 1998; Yuan et al., 2000). At the beginning 
of treatment with S M C , the immobilized enzymes trapped inside the spent compost 
directly interact with the PAH molecules and degrade them immediately. The 
hydrophobicity of PAHs makes the compounds bind or sorb to S M C where the 
immobilized enzymes act directly before leaching to the aqueous medi画.The 
continuous dissolution of the enzymes into the aqueous phase and the reduced 
availability of the sorbed PAHs might lead to a slow-down m degradation removal 
along the incubation period. 
The amounts of the PAHs sorbed by straw S M C were increased with the incubation 
time up to the initial first 30 minutes for naphthalene and phenanthrene and 10 
minutes for benzo [ajpyrene and benzo [g，h，i]perylene. However, the increases were 
far less than those reported in degradation. Beyond the maximum points, the 
removal efficiency and removal capacity by sorption at different time intervals were 
statistically similar. Our findings are in agreement with two studies investigating 
the effect of the incubation time on the removal of pentachlorophenol (PCP) by 
biosorption. Chm et al (1998) reported that the rapid biosorption of PCP in the 
liquid culture by the spent oyster mushroom compost was attained with about 25 % 
of the initial PCP removed within 10 minutes of incubation at room temperature. 
An equilibrium for the PCP sorption to the suspended microbial biomass m the 
activated sludge was reached within 20 minutes (Jacobsen et al, 1996). Brodkorb 
and Legge (1992) also reported approximately 80 % of [^^CJphenanthrene being 
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adsorbed during the first hour after which a steady-state phase was reached. In spite 
of the fact that S M C may respond differently towards different pollutants, the results 
suggest that once S M C is added to the P A H solution, it will rapidly adsorb the P A H 
molecules and reach an equilibrium stage. From the equilibrium data of this 
experiment, it is found that although the PAH removal can occur through sorption, 
the extent of sorption is small compared to that of biodegradation, 20.31 士 0.81 % to 
79.69 土 0.81 o/o for naphthalene (Figure 3.29 A and Figure 3.29 B)，41.04 士 3.72 % 
to 58.96 土 3.72 % for phenanthrene (Figure 3.40 A and Figure 3.40 B), 7.93 士 2.22 
% to 63.36 土 3.21 o/o for benzo [ajpyrene (Figure 3.51 A and Figure 3.51 B) and 
13.38 土 3.62 o/o to 59.79 土 9.71 % for benzo[g，h，i]perylene (Figure 3.62 A and Figure 
3.62 B). 
4.5.4 Incubation temperature 
In general, the removal efficiencies and removal capacities by degradation were 
increased with increasing the incubation temperature for all tested PAHs. However, 
different PAHs had different optimal ranges of the incubation temperatures (Table 
3.26 A — Table 3.26 D). Straw S M C degraded all the four PAHs at 80°C for 
concentrations as high as 200 mg/kg in soil and 125 mg/L in water. 
PAHs are generated as by-products of incomplete combustion of organic matters. 
From the literature, some ring-fission dioxygenases with high acid and heat tolerance 
have been described. The protocatechuate-2,3-dioxygenase from a Pseudomonas sp. 
showed its maximum activity at 60°C for 5 minutes. More than 80 % of the 
enzyme activity was retained for the degradation of pyrene by a Rhodococcus sp. 
after heating at 60°C for 10 minutes (Walter et aL, 1991). Furthermore, Famet et al. 
(2000) reported that the laccase of fungus Marasmius quercophilus strain 17 was 
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optimal at 80°C and pH was 5.0. In another study, Ball and Jackson (1995) 
recovered a variety of lignocellulose-degrading enzymes in a blended extract from 
S M C of A. bisporus which showed the maximum activities at 65°C. No remarkable 
loss in the enzyme activities could be detected after 2 hrs at ambient temperature. 
However, after 15 minutes at 75°C, the enzyme activity was reduced by 20 %. 
These results suggest that the enzymes of the compost extract was still active at 75。C 
but stability was dropped. Moreover, Tsang and Chiu (personal communication) 
recovered two ligninolytic enzymes from the straw S M C of Pleurotus pulmonarius 
employed in the present study, and one of them functioned optimally above 75。C. 
As mentioned previously in Section 1.1.8, many fungi such as Aspergillus ochraceus, 
Cunninghamella bainieri, Cunninghamella elegans and Saccharomyces cerevisiae 
(Dhawale et al., 1992; Muncnerova and Augustin, 1994; Field et aL, 1995; Crawford 
and Crawford, 1996; Eggen, 1999; Novotny et aL, 1999) can metabolize PAHs by 
using either a (cell-associated) cytochrome P-450 monooxygenase system followed 
by epoxide hydrolase-catalyzed hydration resulting in the hydroxylation of 3-, 4- and 
5-ring PAHs including phenanthrene having an ionization potential (IP) value of 8.03 
eV (Dhawale et al., 1992; Hammel et al., 1996; Novotny et al., 1999; Pickard et al., 
1999; Schutzendubel et al., 1999). Ionization potential refers to the energy required 
to remove an electron and to from a PAH cation radical (Pysh and Yang, 1963; 
Cavalieri et al., 1983; Bogan and Lamar, 1995; Hammel et al., 1996; Pickard et al., 
1999). Or in the case of white-rot fungi several extracellular enzymatic 
mechanisms are involved. White-rot fungi which cause white-rotted woods secrete 
one or more of three extracellular enzymes which are essential for the degradation of 
various organopollutants (Collins et al., 1996; Eggen, 1999; Novotny et al., 1999). 
They comprise two glycosylated heme-containing peroxidases, lignin peroxidase 
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(LiP) and manganese peroxidase (MnP), and a copper-containing polyphenol oxidase 
(laccase)，. These enzymes work extracellularly and non-specifically (Hofrichter et 
al, 1998). An one-electron oxidation of PAHs occurs by peroxidases (IP < 7.35 eV) 
(Cavalieri et al” 1983)，laccase (IP < 7.45 eV) (Collins et al, 1996; Novotny et al, 
1999)，LiP (IP < 7.55 eV) to produce P A H quinones which can be further 
metabolized via ring fission (Dhawale et al, 1992; Hammel et al., 1992; Bogan et al., 
1996; Crawford and Crawford, 1996). Several enzyme/mediator systems such as 
enzymatically or chemically generated Mn(III) chelate (IP < 7.70 eV) (Cavalieri et 
a/.，1983) and M n P or MnP-dependent lipid peroxidation for some PAHs up to six 
rings (IP < 8.19 eV) are also included (Bogan and Lamar, 1995; Bogan et al, \996). 
These are in agreement with those reported by Collins et al (1996) which showed 
that anthracene and benzo[a]pyrene, both of which have the IP values of < 7.45 eV, 
could be oxidized by laccase while fluorene and phenanthrene whose IP values are 
greater than 8.0 eV remained unoxidized. Similarly, LiP was demonstrated unable 
to oxidize PAHs with the IP values greater than a threshold value of about 7.55 eV. 
Bumpus (1989) showed that [^ "^ C]phenanthrene, a compound with an IP value greater 
than 8.0 eV, could be oxidized to by Phanerochaete chrysosporium. These 
results pointed out that the fungus had the ability to oxidize PAHs with the IP values 
higher than 7.55 eV (for LiP) and suggested that it could produce LiP and MnP. In 
organisms which use the cytochrome P-450 system, the rra似-dihydrodiol products 
formed cannot be used as an energy source even though further metabolism may 
occur (Field et al., 1995; Crawford and Crawford，1996; Stapleton et al., 1998). 
However, in white-rot flingi such as Phancerochaete chrysosporium, Pleurotus 
ostreatus and Trametes versicolor, the mineralization of some PAHs occurs, 
indicating that complete breakdown of PAHs can take place (Field et al., 1995; 
Crawford and Crawford, 1996; Stapleton et al., 1998; Eggen, 1999; Novotny et al, 
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1999; Pickard et al” 1999). 
In an earlier study, Bogan and Lamar (1995) found out that the disappearance of 
PAHs was found to be very strongly correlated with their IP values. This was true 
even for compounds beyond the IP thresholds of the ligninolytic enzymes such as 
laccase, LiP and MnP. According to the literature, the IP values of the model PAHs 
in the present study are shown in Table 1.11. They are found to be 8.12 eV for 
naphthalene, 8.03 eV for phenanthrene, 7.21 eV for benzo[a]pyrene and 7.31 for 
benzo[g,h,i]perylene (Pysh and Yang, 1963; Cavalieri et al., 1983; Bogan and Lamar, 
1995; Hammel et al., 1996; Pickard et al., 1999). With reference to the reported 
maximum values for each enzyme, benzo[ajpyrene and benzo[g,h,i]perylene are 
possibly the substrates for both laccase and M n P while naphthalene and 
phenanthrene are only for M n P to initiate oxidation. In the presence of H2O2, the 
extracellular enzymes can remove one electron from a P A H molecule to create an 
aryl cation radical which undergoes further oxidation to form a quinone. The 
intermediate quinone formed will proceed with ring fission at a later stage 
(Haemmerli et al., 1986; Dhawale et al,, 1992; Hammel et al,, 1992; Field et al., 
1995; Bogan et al., 1996; Crawford and Crawford, 1996; Hammel et al., 1996). 
However, it should be kept in mind that another PAH biodegradation system 
probably operates. Apart from laccase, LiP, MnP and H2〇2-producing peroxidases, 
membrane-bound or intracellular enzymes like cytochrome P-450 monooxygenase 
may contribute to the PAH degradation (Dhawale et al, 1992; Barclay et al., 1995; 
Crawford and Crawford, 1996; Wolter et al, 1997; Eggen, 1999; Novotny et al., 
1999)，and Tsang and Chiu (personal communication) detected a Mn-independent 
peroxidase activity from the straw S M C of P. pulmonarius used in this study. 
However, the relative contributions of intracellular and extracellular enzymes to the 
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conversion of PAHs await further investigation (Bezalel et al., 1996a and 1996b). 
In the water system, there were the increasing trends of the removal efficiencies and 
removal capacities by degradation of naphthalene, phenanthrene, benzo [ajpyrene and 
benzo[g,h,i]perylene with increasing the incubation temperature from 4。C to 80。C. 
All of these PAHs except phenanthrene could be completely degraded by straw S M C 
at 80。C after 2 days of incubation. In contrast, the removal by sorption was 
decreased to near zero except phenanthrene for which adsorption contributed 11.03 士 
5.26 o/o in removal efficiency and 12.22 士 1.79 mg/g in removal capacity under the 
same change. There was also a slightly decrease in the naphthalene recovery from 
controls as the incubation temperature was increased to 80。C (Table 3.11) and the 
loss may be due to abiotic processes such as volatilization or chemical oxidation 
(Bossert and Bartha, 1986; Horinouchi et al, 2000). 
In general, raising the temperature decreases adsorption since adsorption is an 
exothermic reaction and the adsorbed molecules have greater vibrational energies 
and therefore more likely to desorb from the surface of sorbents when the 
temperature is increased (Bell and Tsezos, 1987a and 1987b). Moreover, adsorption 
will be less if a system is run at higher temperatures especially for biosorbents whose 
structures and compositions may be affected by temperature (Viraraghavan and Rao, 
1991; Cooney, 1998; Eggen and Majcherczyk, 1998; Eggen and Sveum, 1999). 
Consequently, it is not surprising that the removal efficiencies and removal capacities 
by sorption for all PAHs tested showed the decreasing trends when the incubation 
temperature was increased from 4。C to 80。C. These are further supported by 
Bonten et al. (1999) who investigated the desorption of phenanthrene, pyrene and 
chrysene and subsequent biodegradation after a thermal pretreatment (65°C — 100。C) 
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for a short period of time (10 minutes - 24 hours). Their results show that the 
temperature rise might lead to a large thermal movement of both the contaminants 
and organic matters in such a way that the contaminants were probably less tightly 
bound after the thermal treatment and rearrangement might have taken place. 
It is also found that sorption (more than 50 % of the total removal and even reached 
75 o/o for phenanthrene) is the major removal mechanism by S M C at the incubation 
temperature of 4。C. On the other hand, degradation was carried out rapidly at the 
temperature between 25。C and 80。C. At lower temperatures, one of the two 
immobilized enzymes of the straw S M C is in active (Tsang and Chiu, personal 
communication) and thus, sorption contributes significantly. 
4.6 Putative identification of intermediates and/or breakdown products 
The putative identification of these compounds was undertaken by examining the 
chromatograms obtained and comparing the mass spectra of the peaks with those of 
known compounds in the libraries of the instrument. From the results obtained, the 
prominent compounds found from the biodegradation of naphthalene (2-ring), 
phenanthrene (3-ring), benzo[a]pyrene (5-ring) and benzo[g,h,i]perylene (6-ring) by 
straw S M C were very similar. The difference lies in the time of appearance and 
their quantities. These imply that the degradation pathways of these four PAHs by 
the S M C are the same. A generalized degradation pathway of PAHs by a living 
system has also been reported indicating that this group of compounds can be 
degraded by the same metabolic pathway (Crawford and Crawford, 1996). 
Substituted PAHs might recruit for additional degradative pathways. 
The putatively identified compounds during treatment included ethyl 
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4-ethoxybenzoate, diethyl phthalate, straight chain alkanes such as pentadecane, 
hexadecane, heptadecane, octadecane and eicosane as well as carboxylic acids, for 
example, tridecanoic acid, tetradecanoic acid, pentadecanoic acid, hexadecanoic acid, 
heptadecanoic acid and octadecanoic acid. All of these compounds could also be 
detected from the filtrate and solid mass extracts of S M C themselves regardless of 
whether glassware or plasticware were used as the containers in experimental setup 
and extraction (Figure 3.7). They are the 'natural' products of straw S M C probably 
as the breakdown products of straw by Pleurotus pulmonarius and/or the metabolites 
of the mushroom (Chiu et al., 1998). 
By comparing the relative amounts of some putatively identified compounds 
including ethyl 4-ethoxybenzoate, diethyl phthalate, alkanes and parental compounds 
m the time course experiments, an inverse relationship between the amounts of 
diethyl phthalate and the residual PAH emerges for all PAH samples treated with 
straw S M C in both soil and water systems while no conclusive results can be 
obtained for the correlation of ethyl 4-ethoxybenzoate with any PAHs. A sharp 
increase in the abundance of diethyl phthalate in the extracts occurred as the level of 
tiie residual PAH was decreased. These results indicate that the significant build-up 
of diethyl phthalate in the extracts is mainly attributed to the biotransformation of the 
PAH molecules by the immobilized enzymes in S M C . Leakage from plasticware 
used as containers in incubation and/or in extraction is ruled out since a blank setup 
without S M C and nor a target PAH but the solvents used which was incubated for 2 
days and processed for extraction as before did not reveal any diethyl phthalate of 
putative identity according to the retention time and mass spectrum as detected by 
GC-MS (Figure 4.2). Diethyl phthalate is relatively polar and water-soluble; its 
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Figure 4.2 A gas chromatogram of the extract using plastic Falcon tube. Diethyl 
phthalate of putative identity appears at a retention time of 15.92 minutes and whose 
mass spectrum is shown in Figure 3.13. 
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respectively (Cousins and Mackay, 2000; Jianlong et aL, 2000). Consequently, it is 
likely to accumulate in the aqueous phase rather than bound with the S M C biomass. 
Since the amount of diethyl phthalate increased when a detectable PAH loss was 
observed, it is proposed that a turnover of the P A H to diethyl phthalate is one of the 
elimination pathway in this system and diethyl phthalate is probably one of the major 
breakdown products. Phthalic acid (1,2-dicarboxylic acid) which has the similar 
chemical structure as diethyl phthalate has been demonstrated as one of the 
ring-fission products of PAHs by white-rot fungi (Heitkamp et al., 1988; Vyas et al., 
1994; Crawford and Crawford, 1996; Kotterman et aL, 1998). Its chemical 
structure is analogue to that of diethyl phthalate in which the ethyl ester group 
(-O-C2H5) is replaced by the hydroxyl group (-0H) as shown in Figure 4.3. The 
oxidation of PAHs has been shown to lead through an one-electron transfer to a 
cation radical by the non-specific ligninolytic enzymes such as laccase, lignin 
peroxidase (LiP) and manganese peroxidase (MnP) (Haemmerli et aL, 1986; 
Cemiglia, 1992; Wilson and Jones, 1993; Muncnerova and Augustin, 1994; 
Crawford and Crawford, 1996; Juhasz and Naidu, 2000). The alkyl cation radical .- --
formed undergoes several hydrolysis and oxidation reactions resulting in quinones. 
According to the literature, ring cleavage of quinones will spontaneously take place 
to form phthalic acids for some PAHs (Heitkamp et aL, 1988; Vyas et al., 1994; 
Crawford and Crawford, 1996). Heitkamp et al. (1988) documented that phthalic 
acid was identified as one of the ring-fission products of pyrene by a Mycobacterium 
sp.. Moreover, Phanerochaete chrysosporium had been shown to mineralize 
anthracene via anthraquinone and phthalic acid. The degradation pathway was 
proposed as follows: anthracene -> anthraquinone -> phthalic acid — carbon dioxide. 
However, for some strains, anthraquinone behaved as a dead-end metabolite (Vyas et 
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a/.， 1994). For P. pulmonarius whose spent compost was used in this study, it 
produces both phthalic acid and derivatives in a minimal medium without any 
lignocellulose substrate (Chiu et al., 1998). 
\ 
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Figure 4.3 Chemical structures of phthalic acid and diethyl phthalate. 
Owing to the structural similarity, two possible hypothesis can be suggested to 
explain the increase in the amount of diethyl phthalate: once phthalic acid is formed 
by the non-specific extracellular ligninolytic enzymes such as laccase, LiP and MnP 
which initiate the oxidation of PAHs, substitution of ethyl ester groups to phthalic 
acid occurs to form diethyl phthalate by other enzymatic mechanisms or spontaneous 
transformation. Another hypothesis is that diethyl phthalate may not be a dead-end 
product of the PAH biodegradation by S M C and it will be further oxidized to 
produce phthalic acid. The later hypothesis appears to be consistent with the ideas 
of Jianlong et al. (2000) that some microorganisms selectively hydrolyzed only one 
ester bond to give the monoalkyl phthalate whereas others were capable of the 
complete mineralization of either the monoalkyl or dialkyl phthalate. The proposed 
degradation pathway of phthalic acid esters was as follows: dialkyl phthalate — 
monoalkyl phthalate — phthalic acid — protocatechuic acid — ring cleavage and 
mineralization. This pathway manifests the relationship between diethyl phthalate 
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and phthalic acid as well as subsequent mineralization process. Also, for GC-MS 
analysis, the extracts will undergo a temperature profile and whether such treatment 
will generate artifacts or induce chemical reactions is uncertain. Nevertheless, the 
question of why the accumulated diethyl phthalate in the extracts is not degraded by 
straw S M C remains more or less unanswered since it has been shown that the 
ligninolytic enzymes and microorganisms have the ability to attack this compound 
due to its high water solubility (Grosser et al., 1991; Bezalel et al., 1996; Bezalel et 
“/., 1996a and 1996b; Collins et aL, 1996; Hofrichter et al., 1998; Kotterman et al., 
1998). The possible explanation is that after certain period of time the immobilized 
enzymes may have lost all activities owing to the stability at room temperature. 
The presence of these metabolites, however, is acceptable since the toxicity is much 
reduced (to be discussed below in Section 4.8). 
As shown in Figure 1.5 and Figure 4.4, the unstable quinones are expected to be 
intermediates of the PAH biodegradation by white-rot fungi (Haemmerli et al,, 1986; -
Grosser et al., 1991; Field et al., 1992; Vyas et aL, 1994; Field et al., 1995; Bezalel et 
al.’ 1996; Crawford and Crawford, 1996; Hammel et al., 1996; Kotterman et al., 
1998). However, our observed results do not indicate any formation and 
accumulation of the PAH-quinones during the biodegradation of naphthalene, 
phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene by straw S M C even though 
the GC-MS analysis used was suitable for separating and detecting their quinones. 
The possible explanation is that white-rot fungi are certainly able to degrade at least 
some types of PAH quinones (Cemiglia and Yang, 1984; Haemmerli et al., 1986; 
Mueller et al., 1989; Field et al, 1992; Hammel et al., 1992; Vyas et al., 1994; 
Hammel et al., 1996). Therefore, once the quinones are formed, they are rapidly 
metabolized to carbon dioxide and highly polar metabolites by other immobilized 
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Crawford, 1996). 
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enzymes within a short period of time due to their high water solubility, and the PAH 
mineralization can go to completion (Kastner et al,, 1994; Field et al., 1995; 
Andersson and Henrysson, 1996; Bezalel et al., 1996; in der Wiesche et al., 1996; 
Eggen and Majcherczyk, 1998; Eggen and Sveum, 1999). Direct mineralization of 
quinones by the ligninolytic enzymes has been reported (Cemiglia and Yang, 1984; 
Vyas et al., 1994; Bezalel et al., 1996; Hofrichter et al., 1998; Kotterman et al., 
1998). Further, owing to the multiple uses of the instrument, freshly prepared 
samples were not analyzed and instead most samples had to be stored. This may 
lead to the disappearance of quinones which are light-sensitive. These are in 
conjunction with the results of many studies. Field et al (1992) found out that no 
quinone intermediates were formed by white-rot fungi Phanerochaete chrysosporium, 
Trametes versicolor and Bjerkandera adusta during the biodegradation of 
benzo[a]pyrene probably because the PAH quinones were never formed or they were 
rapidly metabolized, but interestingly anthraquinone was found to be a dead-end 
metabolite from the bioconversion of anthracene by these strains. These results 
indicate that there were distinct differences among white-rot fungi in their abilities to 
metabolize quinones. Moreover, Hofrichter et al. (1998) documented that 
diafiltered and purified preparations of M n P from Nematoloma frowardii was 
capable of degrading a broad spectrum of PAHs and aliphatic substances directly to 
carbon dioxide and polar fission products, but whether hydroxyl radicals and/or other 
radical species were involved in the mineralization process catalyzed by N. frowardii 
M n P was currently under investigation. Kotterman et al. (1998) pointed out that the 
benzo[a]pyrenequinones, an oxidation product of benzo[a]pyrene, were rapidly 
further oxidized to more water-soluble products with unknown structures by cultures 
of Phanerochaete chrysosporium and also oxidation of phenanthrenequinone to 
2,2'-diphenic acid by ligninolytic cultures of P. chrysosporium was reported. 
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Furthermore, those straight chain alkanes such as pentadecane and hexadecane which 
were found in high abundance in the extracts can probably be the intermediates 
formed through the chemical oxidation of the PAHs in the presence of ozone or other 
strong oxidizing agents. Our results also showed that these alkanes were formed as 
the intermediates of the PAH biodegradation since their amounts were increased to a 
maximum point and subsequently decreased to near zero in the time course 
experiments. Zeng et al. (2000) suggested that the degradation of ozonated 
benzo[a]pyrene was primarily initiated via ozone-mediated ring opening followed by 
ozone and hydroxyl radical fragmentation and ultimately brought to complete 
mineralization through hydroxyl radicals as shown in Figure 4.5. Prevalent 
intermediates included ring-opening aldehydes, phthalic derivatives and aliphatics 
such as pentadecane, hexadecane, nonadecane and henicosane. In these cases, 
bis(2-ethylhexyl)phthalate and 1,2-benzenedicarboxylic acid, disooctyl which are 
analogues of diethyl phthalate are reported as intermediates (Figure 4.5) (Zeng et al., 
2000). The non-specific enzymatic breakdown by the ligninolytic enzymes is via -
the free radical attack. This is also similar with ozonation. In addition, these long 
chain hydrocarbons can either be broken down into smaller molecules and carbon 
dioxide (complete mineralization) or form polymers with the organic matter in soil 
and/or the S M C biomass by irreversible bonding such as strong covalent bonds via 
the formation of ether-, ester- or carbon-carbon bonds which are not extractable by 
organic solvents for detection (Field et al., 1992; Burgos et al., 1996; Wischmann 
and Steinhart, 1997). The polymerization of PAH oxidation products has been 
reported by several studies (Wischmann and Steinhart, 1997; Wolter et al., 1997). 
Wischmann and Steinhart (1997) stated that different degradation mechanisms for 
the removal of PAHs in soil/compost mixtures had to be taken into account since 
abiotic or chemical oxidation in the presence of free radical sources and sufficient 
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Figure 4.5 Overall degradation pathways of ozonated benzo [ajpyrene showing major 
identified intermediates and products (Zeng et al., 2000). 
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amounts of oxygen catalyzed by inorganic components for example iron and 
manganese oxides was discussed in the literature. From the above deductions, it is 
easily seen that the identified breakdown products can be formed from diverse 
pathways of different ligninolytic enzymes in the system. In view of these, it is 
difficult to trace and speculate the PAH degradation pathways from the identified 
compounds in the extracts after treatment with straw S M C . Therefore, further 
verification requires the employment of radioisotope tracing and other methods. 
Yet, the lack of complete mineralization is not a serious setback for the use of S M C 
in the P A H bioremediation since our results show that the highly toxic, carcinogenic 
and mutagenic potentials of the parental compounds was eliminated and the 
breakdown products formed were proved less toxic than the parental compounds 
under Microtox® test. 
4.7 Isotherm plots and fitting into monolayer models 
Based on the experimental data from Section 3.7，the Langmuir and Freundlich 
adsorption isotherms for naphthalene, phenanthrene, benzo [ajpyrene and 
benzo[g,h,i]perylene obtained at room temperature of 25 °C were constructed. It is 
found that the equilibrium data for the adsorption of these four PAHs by straw S M C 
generally fit into the Freundlich isotherm better than the Langmuir isotherm by 
comparing the values of their correlation coefficients (E?) (Table 3.23). The 
correlation coefficients ranged from an R^ value of 0.61 in the case of phenanthrene 
to an r2 value of 0.95 for benzo[g,h,i]perylene. Nevertheless, the values of n (less 
than 1 for all PAHs tested) indicate the disfavour for sorption by straw S M C since 
values of 1 < < 10 represent beneficial sorption (Namasivayam and Kanchana, 
1992; Aksu and Yener, 1998 and 1999; Cheng, 1998). 
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On the other hand, the dimensionless separation constant Rl calculated from the 
Langmuir isotherm was between 0 and 1 for naphthalene and phenanthrene. These 
values indicate a highly favorable sorption (Namasivayam and Kanchana, 1992; 
Aksu and Yener, 1998 and 1999)，but their R^ values are extremely low. Therefore, 
overall, it is suggested that the application of the Freundlich isotherm model for the 
sorption of the PAHs by straw S M C is comparatively appropriate. 
The Freundlich monolayer isotherm assumes that adsorption takes place on a 
heterogeneous surface and binding sites are not equivalent and/or independent. 
Moreover, there is no association or dissociation of the molecules after they are 
adsorbed on the surface. Chemisorption, which involves the formation of 
irreversible ionic or covalent bonds, is completely absent (Noll et al., 1991; Holan 
and Volesky，1995; McKay, 1996). In general, the Freundlich equation tends to fit 
data on adsorption from liquid solutions better whereas the Langmuir equation 
sometimes fits data on the adsorption of gases to solids better (Cooney，1998). 
Bdl and Tsezos (1988) stated that the adsorption of organic pollutants in biological 
systems was frequently represented by the Freundlich isotherm model due to the 
heterogeneity of biomass. The homogenous adsorption proposed by the Langmuir 
isotherm is not fulfilled since S M C itself is a heterogeneous substance in which 
amine，amide，carboxylic acids, phosphorylated and sulfhydryl groups are possibly 
the major sorbing functional groups (Tobin et al., 1984; Holan and Volesky, 1995; 
Burgos et al., 1996). 
4.8 Toxicological study by Microtox® test 
Standard acute toxicity tests using fish and macroinvertebrates have been adopted for 
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aquatic hazardous and risk assessments for a long time (Toussanint et al., 1995). 
For instance, Daphnia magna and mysid shrimp are the acute toxicity test organisms 
recommended by the United States Enviro画ental Protection Agency (USEPA) 
(Annon, 1993). However, they are generally time-consuming, expensive and 
require extensive preparations (Cheng, 1998). As a consequence, some alternatives 
which are simple, reproducible and cost-effective have been proposed. Microtox® 
test IS a commercially available toxicity test. It is more sensitive and precise than 
other animal toxicity tests to most organic compounds, and also is the most simple, 
reliable and rapid (about 30 minutes) technique by making use of the bioluminescent 
marine bacterium Vibrio fischeri (Weissenfels et al； 1992; Erickson et al., 1993; Lu 
et ".，1993). This test involves the measurement of the quantity of light emitted by 
the bacteria before and after exposure to a toxicant. Microtox® test can be used to 
evaluate toxicity of environmental samples containing organic compounds and 
effectiveness of detoxification treatment for toxic pollutants (Weissenfels et al,, 1992; 
Dreyer et aL, 1995; Wang, 1996). 
From Table 3.24 and Table 3.25, it is found that the EC50 values at 5-min and 15-min 
tests were more or less the same for a PAH. These results suggest that the acute 
toxicity of the tested samples will not intensify with increasing the reaction time and 
the toxicants bind to the bacterial cells fast (Lai, 1997). 
A standard concentration of PAH was used in the toxicity assay regardless of the 
difference in water solubility of PAHs. Under such condition, some of the added 
PAH might remain solid as the S M C material. In the solution system, only the 
filtrates were used in toxicity assays. It is not the intention, however, to perfom a 
cross-comparison among the toxicity of different PAHs. Rather, the purpose is to 
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compare the toxicity of the PAH sample before and after the treatment with the SMC. 
In soil system the whole mixture of soil, S M C and PAH and its degradative products 
was tested in the bioassay. The homogenized soil used in the present study (the gas 
chromatogram illustrated in Figure 3.1) was found to be toxic under Microtox® test 
(Table 3.24). As suggested by Potter et al (1999), however, the toxicity could vary 
with the soil type and organisms tested. On the other hand, the combinations of the 
tested liquid medium composed of straw S M C + 10% acetone + ultra-pure water and 
10 % acetone + ultra-pure water were not toxic. These show that the leached 
compounds from S M C to the water system are not toxic under this test. 
After treatment with straw SMC, the toxicity levels of the PAH samples were 
significantly lowered and even lower than the detection limit of the instrument for 
the water system. Moreover, for the soil system, the EC50 values of the PAH 
samples after treatment were very close to those determined for soil alone. These 
show that the intermediates and/or degradation products formed during treatment are 
very non-toxic and harmless to the tested bacteria. The results of lowering the 
toxicity of these four PAHs are simply owing to the biodegradative removal by SMC. 
The following compounds were putatively identified after treatment: ethyl 
4-ethoxybenzoate, diethyl phthalate, long chain hydrocarbons and some carboxylic 
acids. According to the literature, their oral LD50 values for rat (2,040 mg/kg for 
ethyl 4-ethoxybenzoate, 8,600 mg/kg for diethyl phthalate, 3,494 mg/kg for 
pentadecane, 28,710 mg/kg for hexadecane and 29,820 mg/kg for octadecane) are 
higher than those of the PAHs tested in the present study as listed in Table 1.11. In 
other words, their toxicity is lower. These are consistent with our results obtained 
and consequently the feasibility of using S M C to treat the PAHs can be confirmed. 
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4.9 Removal ability of SMC towards PAHs in single and in a mixture 
Both soil and water systems yield similar pattern of the results. In the sterilized soil 
system, the degradation of single naphthalene, phenanthrene, benzo [a]pyrene and 
benzo[g,h,i]perylene (200 mg/kg) could reach 100 % by straw S M C (0.05 g) at 80 °C 
and the presence of co-occurring these four PAHs in a mixture each at 50 mg/kg also 
did not affect their removal. However, when the concentration of each PAH in the 
mixture was increased to 200 mg/kg, it is found that the degrading activities of 
phenanthrene and benzo[g,h,i]perylene were reduced to 7 3 . 6 3 土 3 . 1 8 % and 9 1 . 8 8 土 
3.05 % respectively (decreased by about 26 % and 8 %) whereas the naphthalene and 
benzo [ajpyrene degradation was unaffected. These results indicate that the 
simultaneous presence of the PAHs at higher concentrations in the mixture does not 
exert any inhibitory or additive effects to the degradation of naphthalene and 
benzo[a]pyrene. On the contrary, this may have inhibited the phenanthrene- and 
benzo[g,h,i]perylene-degrading activities possibly through competition among 
different P A H molecules or same species for active sites of the non-specific 
extracellular enzymes involved in biodegradation by straw S M C (Bouchez et al, 
1995; Ye et al., 1996; Beckles et al., 1998). Or the combinatory toxic effects of the 
mixture of the PAHs and their metabolites to microorganisms in S M C resulted in 
inhibition (Bouchez et al,, 1995; Tiehm and Fritzsche, 1995; Juhasz et al,, 1996). 
For the water system, the influence of the simultaneous presence of the PAHs in a 
mixture on degradation and sorption is separately examined. Under the most 
optimal incubation time and temperature, the removal by the degradation of 
naphthalene, benzo[a]pyrene and benzo[g,h,i]perylene in single reached 100 %, but 
the phenanthrene degradation was found to be 86.64 土 4.38 % only. These results 
appear to contradict to those reported in earlier studies that smaller PAHs were 
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readily degraded than larger PAHs (Stringfellow and Aitken, 1995; 
Trzesicka-Mlynarz and Ward, 1995; Juhasz et al., 1996; Eggen and Majcherczyk, 
1998; Heitkamp and Cemiglia, 1988; Eggen and Sveum, 1999; Yuan et al., 2000). 
The simultaneous co-occurring these four PAHs in the mixture at 50 mg/L each 
diminished the degradation of phenanthrene by approximately 19 % while the 
removal of naphthalene, benzo[a]pyrene and benzo[g,h,i]perylene by degradation 
was not affected and reached 100 % by straw SMC. This negative effect was 
amplified when the concentrations of each PAH in the mixture were increased to 125 
mg/L. The inhibition of the PAH-degrading activities occurs in not only 
phenanthrene but also benzo[a]pyrene and benzo[g,h，i]perylene. This may be due 
to changes in enzyme induction and individual or combined toxicity of the PAHs 
(Bauer and Capone, 1988; Foght and Westlake, 1988; Foght et al., 1990; Bouchez et 
al., 1995; Shuttlesworth and Cemiglia, 1996; McNally et al, 1999). 
Earlier studies have suggested that the degradation of other PAHs in the mixture was 
competitively inhibited in the presence of naphthalene (Bouchez et al., 1995; 
Stringfellow and Aitken, 1995; Shuttlesworth and Cemiglia, 1996; Beckles et al, 
1998; McNally et al., 1999). Among PAHs, naphthalene presents specific 
characteristics. Strains isolated for biotransforming this compound did not use 
other PAHs as carbon sources and showed limited cometabolism capacities for other 
PAHs (Bouchez et al, 1995). Moreover, naphthalene was toxic to other strains 
probably because of its high water solubility (31.7 mg/L). Bouchez et al. (1995) 
established a direct relationship between the inhibitory capacity and solubility of 
PAHs. Tiehm and Fritzsche (1995) further demonstrated that in the case of a 
PAH-degrading strain which could not grow on phenanthrene in the presence of 500 
mg/L of naphthalene but grew on phenanthrene when naphthalene was supplied in 
262 
； 
the vapor phase. Moreover, the inhibition of the phenanthrene degradation in the 
mixture could occur in the presence of naphthalene at the concentration even as low 
as 5 mg/L (Shuttlesworth and Cemiglia, 1996; Beckles et al” 1998; McNally et al., 
1999). Our findings suggest that multiple PAHs are being transformed by a 
common enzymatic system of S M C and support the hypothesis that the enzymes 
involved in the transformation of one PAH can interact with other PAHs. Also, the 
immobilized enzymes in straw S M C are ligninolytic enzymes for biodegradation and 
thus can have a broad substrate specificity. 
Mueller et al (1989) and Juhasz et al (1996) stated that low-molecular-weight PAHs 
(2- and 3-ring) were rapidly degraded whereas high-molecular-weight PAHs (more 
than four aromatic rings) were recalcitrant to microbial attack and seldom utilized by 
an enriched consortium. Moreover, those with high water solubility were removed 
with high efficiency (Trzesicka-Mlynarz and Ward，1995). However, in a mixture, 
the relative susceptibility of PAHs to biodegradation is related to the PAH structure, 
molecular size, number of aromatic rings, volatility, water solubility, spontaneous 
dissolution rate, steric and electronic factors (Bossert and Bartha, 1986; 
Trzesicka-Mlynarz and Ward, 1995; Ye et al., 1996; Yuan et al., 2000). 
Angular-shaped PAHs like phenanthrene are less susceptible to microbial attack than 
cluster-shaped PAHs like benzo[g,h,i]perylene regardless of their molecular sizes 
(see Section 4.5.1) (Bossert and Bartha, 1986; Kochany and Maguire, 1994; Ye et al., 
1996; Harvey, 1997). Consequently, phenanthrene is considered 
thermodynamically more stable than other model PAHs examined in the present 
study. In contrast, if the molecular shape is identical, the molecular size or number 
of fused aromatic rings can be correlated well with the removal efficiency. 
Benzo[a]pyrene (5 rings with cluster arrangement) was degraded to a greater extent 
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than that of benzo[g,h,i]perylene (6-ring with cluster arrangement) in this study. 
For sorption, no matter naphthalene, phenanthrene, benzo[a]pyrene and 
benzo [g,h,i]perylene exist alone or as a complex mixture with different 
concentrations, the sorption of these four compounds by straw S M C reached their 
maximum values and was statistically similar. Furthermore, the observed results 
can directly test the hypothesis that the sorption of PAHs by the S M C involves a 
non-specific partitioning of the PAH into biomass. In a partitioning reaction, at low 
concentrations the presence of one PAH would not be expected to influence the 
biosorption of other PAHs (Stringfellow and Alvarez-Cohen, 1999). However, if 
the hypothesis was false and the sorption of PAHs by microorganisms was due to 
specific surface sorption, competition between compounds for binding sites might 
occur and the presence of one PAH should reduce the sorption of other PAHs. If 
multilayer adsorption occurs, the addition of one PAH could potentially enhance the 
sorption of another PAH. Consequently, our findings suggest the sorption of these 
four PAHs by straw S M C involves a non-specific partitioning into biomass rather 
than surface adsorption phenomenon. This may be true since the results in Section 
4.7 show that the adsorption equilibrium data for these four PAHs by S M C do not fit 
well into the Langmuir and Freundlich monolayer isotherm models. Moretti and 
Neufeld (1989) also modeled the removal of PAHs in an activated sludge system 
treating a coal gasification wastewater as a partitioning process and this partitioning 
mechanism considered included aqueous solubility and sorption into the biological 
sludge. It should be noted that because of the characteristics of SMC, two removal 
mechanisms, degradation and sorption, are involved in removing PAHs at the same 
time. As proposed by Guerin and Boyd (1992), prediction of the fate of 
hydrophobic organic contaminants was complicated by the competing processes of 
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biodegradation and sorption. Therefore, these two processes may influence the fate 
of PAHs and in our case the extent and rate of biodegradation appear to govern the 
amount of PAHs sorbed. 
The substrate interactions on the degradation of mixtures of PAHs in real situations 
are most likely complex, resulting in a number of degradation patterns (Bauer and 
Capone，1988; McNally et al., 1999). he experimental conditions optimal for 
removing the individual PAHs may not be regarded as the most optimal for 
degrading these PAHs in the mixture. However, it may be possible to use the 
patterns produced using the simple mixtures of PAHs to extrapolate the behavior of 
microorganisms towards more complex mixtures (Beckles et aL, 1998). This is 
supported by many studies which have shown PAH-degraders are capable of 
degrading a range of PAHs (Foght and Westlake, 1988; Foght et al, 1990). 
4.10 Comparison of removal efficiencies of benzo[a]pyrene by layering and 
mixing of straw SMC with soil 
Eggen (1999) stated that a critical concern when using the spent compost for 
bioremediation was how it was applied. Layering the compost to soil was easier 
and therefore more economical than through the continuous mixing of compost with 
soil during the treatment period. However, a homogenized mixture could degrade 
the PAHs more effectively than soil and substrate layers and the removal of 3-，4-
and 5-ring PAHs were increased by nearly 13，51 and 40 % using mixed rather than 
layered soil-substrate (Eggen, 1999). Similar results were obtained in this study 
(Table 4.3). It is obvious that the removal efficiency of benzo[a]pyrene (200 mg/kg) 
was increased by about 27 % as the mixing of straw S M C (0.05 g) with soil was 
adopted instead of layering of S M C onto soil. Mixing can enhance the contact area 
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Table 4.3 Comparison of removal efficiency and removal capacity for 
benzo[a]pyrene between layering of S M C on soil and mixing of S M C with soil. 
Removal efficiency (%) Removal capacity 
(mg benzo[a]pyrene/g SMC) 
Layering of straw S M C 50.10 土 1.42^  3.05 土 0.12*" 
on sterilized soil 
Mixing of straw S M C 86.55 土 4.92 土 0.4ia 
with sterilized soil 
Experimental conditions: benzo [ajpyrene concentration = 200 mg/kg; straw S M C 
amount 二 0.05 g; sterilized soil amount = 1 g; initial pH 二 6.30; incubation time = 1 
week at 150 rpm; temperature 二 25 °C. Data presented as mean values and standard 
deviations of five replicates. Data with same letters represent statistically identical 
(p < 0.05 by A N O V A followed by Tukey test for ranking). 
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between the immobilized enzymes and molecules of benzo [ajpyrene for 
biodegradation and the rate of the partitioning of benzo[a]pyrene from soil to the 
aqueous phase (Birman and Alexander, 1996). Also，aeration is greatly improved 
during mixing by increasing the diffusion of oxygen. The oxygen concentration is a 
rate-limiting variable in the biodegradation of PAHs in soil because the PAH 
oxidation requires oxygen, aeration is beneficial (Ashok and Saxena, 1995). This is 
flirther demonstrated by Manilal and Alexander (1991) that phenanthrene in soil 
which was well aerated was rapidly mineralized. In biodegradation using the 
ligninolytic enzymes, the initial step is also an oxidation reaction by free radical 
attack. 
4.11 Comparison of removal efficiencies of benzo[a]pyrene in different scales of 
experiment setup 
The present experimental setup for investigating the removal performance of straw 
S M C on naphthalene, phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene in the 
soil system is just a simulation model of PAH-contaminated sites commonly 
occurred as a result of extensive anthropogenic processes such as combustion of 
fossil fuels, accidental spilling of hydrocarbons and oils, coal gasification and 
liquifaction, wood treatment processes, open burning and incineration of wastes 
(Cemiglia, 1992; Muncnerova and Augustin, 1994; Stringfellow and Aitken, 1995; 
Juhasz et al., 1996; Beckles et al., 1998; Samanta et al., 1999; Juhasz and Naidu, 
2000; Yuan et al., 2001). Nevertheless, the scale of the experimental design in the 
present study is relatively small under the laboratory conditions simply because this 
IS easy to handle, simple, fast and convenient. Most importantly, the small-scale 
experiments occupy less volume for incubation and only require small volume of the 
organic solvent for extraction. Bioremediation of PAH-contaminated sites, however, 
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involves huge volume of soil which highly depends on the extent of contamination in 
real situations (Minna Laine and Jorgensen，1997; Bonten et al., 1999; Mahjoub and 
Gourdon, 1999). Consequently, this preliminary setup has to be further modified 
and evaluated prior to application to the field study. 
In the scale-up experiment, both straw S M C and soil amounts were increased by 10 
times to maintain the same ratio. 200 mg/kg of benzo[a]pyrene was spread over 
10.0000 土 0.0002 g of the sterilized soil. Subsequently, the sample was then 
incubated with different amounts of straw S M C ranging from 0.1000 土 0.0002 g to 
2.0000 土 0.0002 g in 250-mL conical flasks at room temperature with continuous 
shaking at 150 rpm for a week. At the same time, samples without S M C were 
prepared as controls. All the flasks were covered with aluminum foil and five 
replicates for samples and controls were performed for each treatment. The 
extraction procedures and measurement of the residual benzo [ajpyrene were 
basically the same as Section 2.5.1 except 100 m L of dichloromethane used for 
extraction. 
From Figure 4.6，it is easily seen that there were no significant differences between 
the removal efficiencies of benzo [ajpyrene in two different scale experiments 
examined. Moreover, increasing the percentage of straw S M C increased the 
removal efficiencies for both setups. From these findings, straw S M C is 
demonstrated able to perform effectively in different scales of the experimental setup. 
These credit the feasibility of using straw S M C in the PAH removal because a large 
area of PAH-contaminated soils can be treated with high removal efficiency and the 
results obtained in the present study can be used to predict the performance of S M C 
in real application. 
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Figure 4.6 Comparison of removal efficiency of benzo[a]pyrene by straw S M C in 
different scales of the sterilized soil system. Experimental conditions: 
benzo[a]pyrene concentration 二 200 mg/kg; initial pH = 6.30; incubation time = 1 
week at 150 rpm; temperature 二 25 °C. Each point and error bar represent mean 
value and standard deviation of five replicates. 
269 
4.12 Effect of age of straw SMC on removal of PAHs 
A comparison was made between the freshly prepared S M C and three year old S M C 
on their removal abilities for 100 mg/L of naphthalene, phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene individually in the water system over a 
2-day treatment at room temperature. Figure 4.7 A — Figure 4.7 D show that the 
degradation of naphthalene, phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene 
by the three year old S M C was reduced from 80.80 土 4.28 % , 57.83 土 2.97 % , 68.21 
土 4.13 o/o and 67.11 土 6.56 % to 45.70 土 9.64 % , 15.70 土 8.63 % , 17.29 土 8.09 % and 
16.64 土 3.22 % correspondingly and respectively as compared to those by the freshly 
prepared S M C . In contrast，the removal by sorption for these four PAHs was 
increased by approximately 3，2，4 and 7 times respectively. As a whole, the total 
removal efficiencies of naphthalene and phenanthrene were the same for both SMC, 
but for benzo[a]pyrene and benzo[g,h,i]perylene, the fresh S M C gave higher total 
removal efficiencies than the old S M C did. Therefore, the decreases in the 
degradation removal are accounted by the loss of the immobilized enzyme activities 
in S M C and further investigation on a proper storage method is needed. 
4.13 Removal of benzo[a]pyrene by an aqueous extract of SMC 
In order to examine the biodegradative ability of the enzymes immobilized in SMC, 
this experiment was performed. S M C was simply extracted with ultra-pure water 
by shaking at 350 rpm for 2 hours at room temperature. Subsequently, the S M C 
biomass was removed by centrifiigation at 6,000 g and the collected supernatant was 
used as a crude enzyme extract from SMC. It was then used to incubate with 
benzo[a]pyrene in parallel with a setup with S M C and benzo [ajpyrene. Table 4.4 
shows the similar removal efficiencies of benzo [ajpyrene by biodegradation by the 
crude enzyme preparation and the whole S M C . Thus the water-extractable 
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Figure 4.7 Removal of A) naphthalene and B) phenanthrene in water system by three 
year old straw S M C and freshly prepared straw SMC. Experimental conditions: 
PAH concentration = 100 mg/L; straw S M C amount 二 0.1 g; initial pH 二 6.30; 
incubation time = 2 days at 350 rpm; temperature = 25。C. Each point and error bar 




g 100 - a’， 
H 90 -
I BO - b’’ a 
0 70 _ T I — f — , 
N 。’ 丄 
g 60 - a 
？ 50 - T i. 
1 4 0 - , ~ ~ ‘ • , 
(D b "I 
S 30 -
I 20 - T b 
i 10 - ^ ^ ^ 
^ 0 ‘ ‘ 
-10 L Three year old straw SMC Freshly prepared straw SMC 
D) 
^ 1 1 0「 
f 100 - ' . ' 
90 - a" 
K 80 - b" a T 
. 7 0 _ T T i 
f 60 - a，~ir-| ~i""“ 
I 50 - T 
£ 4 0 - ： 丄 
I 30 - b i ’ 
S 20 - T 丨 b ' 
<D I   
^ 10 - ...I 
I 0 ‘ ‘ 
-10 L Three year old straw SMC Freshly prepared straw SMC 
• Degradation HO Sorption _ Total removal 
Figure 4.7 Removal of C) benzo[a]pyrene and D) benzo[g,h,i]perylene in water 
system by three year old straw S M C and freshly prepared straw SMC. 
Experimental conditions: PAH concentration = 100 mg/L; straw S M C amount = 0.1 
g; initial pH = 6.30; incubation time 二 2 days at 350 rpm; temperature 二 25 °C. 
Each point and error bar represent mean value and standard deviation of five 
replicates. 
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immobilized enzymes in S M C contributes to biodegradation. 
4.14 Advantages of using SMC in removal of PAHs 
Most PAHs have extremely low aqueous solubility, vapor pressures and high 
octanol-water partitioning coefficients as shown in Table 1.1. As a consequence of 
these chemical properties, PAHs have a high affinity for association with the organic 
carbon material (humus) in soil (Guerin and Boyd, 1992; Barclay et al., 1995; Errett 
et al” 1996; Kilbane II, 1998; Stringfellow and Alvarez-Cohen, 1999; Fetzer, 2000) 
and/or the S M C biomass which consisted of the carbon content of 23.21 士 0.38 % 
including cellulose, hemicellulose, hemicellulose and lignin (Ching, 1997; Kuo and 
Regan, 1998). The immobilized PAH molecules are therefore not available for 
biodegradation (Volkering et aL, 1995; Tiehm et aL, 1997). As suggested by many 
studies, a possible way of enhancing the bioavailability of hydrophobic organic 
compounds like PAHs is the application of surfactants which consist of a hydrophilic 
part and a hydrophobic part. Because of this property, these molecules tend to 
concentrate at surfaces and interfaces and to decrease levels of surface tension and 
interfacial tension (Volkering et al., 1995; Ashok and Saxena, 1995; Birman and 
Alexander, 1996; Tiehm et al., 1997; Boonchan et al., 1998; Yuan et al., 2000). 
The addition of surfactants not only increases the apparent solubility but also 
maximizes the dissolution of crystalline naphthalene and phenanthrene (Volkering et 
<3/.，1995). Therefore, the degradation of these compounds can be enhanced 
significantly. In the present study, the effect of a surfactant Tween® 80 (Aldrich 
274364, purchased from Aldrich Chemical Company) on the degradation of 
benzo[a]pyrene in soil was examined. The data shown in Table 4.5 indicate that the 
addition of this surfactant did not enhance the removal efficiency and removal 
capacity for benzo[a]pyrene. In contrast, about 24 % reduction of the removal was 
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Table 4.4 Comparison of removal efficiency of benzo [ajpyrene using extractable 
crude enzymes from S M C and SMC. 
Removal efficiency 
of benzo [ajpyrene (%) 
Straw SMC 75.14 ±3 .3 f f 
Crude enzymes from 77 60 土 9 85' 
S M C ‘ — . 
Experimental conditions: benzo[a]pyrene concentration = 125 mg/L; straw S M C 
amount = 0.1 g; initial pH 二 6.30; incubation time = 2 days at 350 rpm; temperature 
=25。C. Data presented as mean values and standard deviations of five replicates. 
Data with same letters represent statistically identical (p < 0.05 by ANOVA). 
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Table 4.5 Effect of surfactant on removal efficiency and removal capacity for 
benzo [ajpyrene in soil system. 
Removal efficiency (%) Removal capacity 
(mg benzo[a]pyrene/g SMC) 
Without surfactant 87.76 土 5.12 土 0.37a 
With surfactant 63.82 ±2.77^  3.72 ±0.35^  
Experimental conditions: surfactant concentration = 1 % v/w; benzo[a]pyrene 
concentration = 200 mg/kg; straw S M C amount 二 0.05 g; sterilized soil amount = 1 g; 
initial pH 二 6.30; incubation time = 1 week at 150 rpm; temperature 二 25� C . Data 
presented as mean values and standard deviations of five replicates. Data with 
same letters represent statistically identical (p < 0.05 by A N O V A followed by Tukey 
test for ranking). ‘ 
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resulted from the presence of the surfactant. The possible explanation is attributed 
to the toxicity of the surfactant towards microorganisms. (Ashok and Saxena, 1995; 
Volkenng et al., 1995; Boonchan et al., 1998; Eggen, 1999; Marcoux et al., 2000; 
Yuan et al., 2000). 
In view of these, the use of composts is considered to be an alternative, cost-effective 
stimulating agent for bioremediation. As proposed by McFarland et al. (1992), 
McFarland and Qiu (1995) and Kastner and Mahro (1996)，the addition of composts 
to PAH-contaminated soils may intensify the biodegradation of PAHs, increasing the 
bioavailability, retaining certain volatile compounds, for example, naphthalene, 
which have lower boiling points and higher vapor pressures compared to other large 
PAHs (Ashok and Saxena, 1995), and reducing the sorptive effects in soils which 
greatly prevent the compound from analytical detection (Manilal and Alexander, 
1991; Volkering et al,, 1995; Tiehm et al., 1997; Kilbane II，1998). Therefore, a 
detoxifying activity will be introduced into contaminated soils without the addition 
of expensive enzymes as was proposed recently. Kastner and Mahro (1996) 
illustrated this by conducting a study on the microbial degradation of PAHs in 
contaminated soils by the organic matrix of compost and the results indicated that 
degradation was stimulated more effectively by adding compost than by adding high 
quantities of PAH-degrading bacteria. In comparison to the other cultures, a total 
decrease of toxicity was observed in the culture with compost. Compost addition 
facilitated the degradation of 100 mg/kg of naphthalene and 100 mg/kg of other 
PAHs including phenanthrene, anthracene, fluoranthene and pyrene within 25 days of 
incubation in the soil system with water contents below the water holding capacity. 
However, it is well known that the sorption of organics increases with the organic 
content of soil. Therefore, the adsorption effects are also expected for composts. 
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With the continuously increasing cultivation of edible mushrooms in these few 
decades all over the world (Luo, 1992; Gerrits, 1994; Miles and Chang, 1997; Chin 
et al., 2000), the generation of the solid organic substrate after the harvest of 
mushrooms is no doubt boosted to a tremendous amount. A conservative estimate 
is that over 20 million tons of S M C are produced as solid wastes annually. In the 
past, this has involved the use of the spent compost as landfill. The Irish mushroom 
industry generated 272,000 tons of S M C in 1999 and a significant proportion of this 
compost was disposed of by landfilling at a considerable cost. However, most 
recent studies have indicated that the spent compost has value in bioremediation 
(Miles and Chang, 1997). The present study is also able to identify this alternative 
use for S M C in the bioremediation of biocide-contaminated sites. Oyster 
mushroom S M C offers the advantages of an integrated approach to the PAH removal 
expressed as biosorption accompanied by degradation by a consortium of the 
enzymes from diverse microorganisms (Kuo and Regan, 1992 and 1998; Ball and 
Jackson, 1995; Dooley et al., 1995; Semple and Fermor, 1995; Ching, 1997; Miles 
and Chang, 1997; Semple et al., 1998; Eggen, 1999; Harmsen et al, 1999). 
Bacterial components in this S M C identified were the Gram-positive Cellulomonas 
cellulam and the Gram-negative Burkholderia gladioli (Ching, 1997). Trichoderma 
harzianum was also isolated from straw S M C (Ching, 1997). 
Our findings additionally demonstrate that the spent oyster mushroom compost 
ftinctioned effectively at a wide range of the PAH concentrations in both soil and 
water systems. It only took no more than 2 days for the soil system and 30 minutes 
for the water system to reach its highest removal ability. The treated PAHs could be 
as high as 2,500 mg/kg in soil and 125 mg/L in water. Most importantly，the 
intermediates and/or degradation products formed were not toxic compared to the 
277 
parental compounds under Microtox® test. Coupled with the buffering effect and 
high tolerance to high incubation temperatures even at 80。C，SMC shows promising 
results that it has potential in the bioremediation of PAH-contaminated sites. 
Several studies highlighted the importance of the addition of inorganic nutrients 
especially phosphorus and nitrate in the enhancement of biodegradation (Birman and 
Alexander, 1996; Horinouchi et aL, 2000; Yuan et al., 2001) and concluded that the 
lack of these nutrients might slow down the biodegradation process. Zaidi and 
Imam (1999) found that the supplement of KNO3 as a source of inorganic nitrogen 
resulted in a 10-fold increase in the rate of the phenanthrene degradation within a 
125-hour period in seawater samples but the addition of K2HPO4 as a source of 
inorganic nutrient phosphorus had no significant effect. However, in another study, 
Manilal and Alexander (1991) reported that the mineralization of phenanthrene in 
soil was enhanced under the phosphorus-supplemented conditions and this was 
consistent with the results of Yuan et al (2001) that the microorganism metabolism 
for the degradation of phenanthrene was decreased when the ammonium or 
phosphorus concentration was reduced. In contrast, however, the problems of the 
enzyme suppression by nutrient limitation no longer exist in the case with using 
S M C as a bioremediation agent since S M C is rich in nutrients and able to encourage 
the growth and activities of microorganisms. Also, it also provides manganese 
(approximately 458 ^ ig/g found, Table 3.12) as cofactor for M n P (Miles and Chang, 
1997; Chiu et al, 1998). 
4.15 Limitations of the study 
Owing to the hydrophobic characteristic, a certain proportion of the P A H molecules 
is likely bound by the S M C biomass especially at higher P A H concentrations where 
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biodegradation did not reach 100%. Even though the results show that the 
contribution of biosoiption is not very predominant, the sorbed PAHs significantly 
limit the availability of PAHs for biodegradation by the immobilized enzymes in 
S M C and also adsorption processes are negligible in the long run compared with 
degradation (Ning et al., 1996). As stated by Chiu et al. (1998)，however, 
biosorption has some advantages that apart from the rapidity of biosoiption kinetics, 
a good adsorbent could purify the liquid phase by removing the pollutants and 
concentrating them in the solid phase (Lievremont et al., 1996). In this way, it 
could be easily transported away from the contaminated sites. Then, more 
cost-effective strategies for fast physical, chemical or enzymatic mineralization of 
the concentrated pollutants were allowed to implement (Bell and Tsezos, 1987a and 
1987b; Viraraghavan and Rao, 1991; Jardim et aL, 1997; Ho and Bolton, 1998). 
Moreover, Stringfellow and Alvarez-Cohen (1999) suggested that although 
biosorption could reduce the extent and rate of the PAH biodegradation in the short 
term, it could result in the removal of PAHs from the wastewater and PAH retention 
in the treatment system where the sorbed PAHs might be ultimately biodegraded. 
The retention of volatile compounds like naphthalene by sorption is also 
recommended (Kastner and Mahro, 1996). 
Another limitation encountered in the present study is that the substrate interactions 
on the degradation of mixtures of PAHs in real situations are most likely complex, 
resulting in a number of degradation patterns (McNally et al., 1999). 
High-molecular-weight PAHs are usually found in the environment as mixtures at 
PAH-contaminated sites, for example, soils from manufactured gas plant and wood 
preserving facilities which contain a mixture of PAHs ranging in size from 2- to 
7-ring structures as well as a wide variety of phenolic and N-,〇-and S-heterocyclic 
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compounds (Foght et al,, 1990; Mueller et al., 1991a and 1991b; Juhasz et al., 1996). 
Since it is difficult to stimulate the actual field conditions in the laboratory, the 
observed differences between the field and laboratory results may be made. 
Moreover, our findings reveal that the degradation behavior of single PAHs may not 
be suitable to extrapolate the degradation patterns of the PAH mixtures. 
Nevertheless, it may be possible that the behavior of microorganisms towards more 
complex mixtures can be extrapolated from the degradation patterns of the simple 
P A H mixtures (Beckles et al., 1998). It is noteworthy that any event for the 
contamination of PAHs into soil will probably result in the introduction of a large 
number of other hydrocarbons such as alkanes and asphaltenes (Bauer and Capone, 
1988). Therefore, the potential interactions are extremely numerous and complex. 
4.16 Further investigation 
Although the optimal parameters for the removal of napthalene, phenanthrene, 
benzo [ajpyrene and benzo [g,h,i]perylene can be determined in the present study, 
there are still several aspects necessary for further investigation. For example, the 
speculation of the biodegradative pathway using ^ "^ C-radiolablled PAHs is necessary 
and in order to determine the extent of mineralization, the evolution of from 
radiolablled compounds, radioactivity left in the filtrate and radioactivity present in 
the S M C biomass are also monitored (Barclay et al., 1995). 
Our findings show that the broad-spectrum of the immobilized enzymes in S M C play 
a central role in degrading the PAHs. However, the specific and fundamental 
differences in the catabolic machinery between these enzymes can be factors to 
consider in the bioremediation of PAH-contaminated soil and wastewater systems. 
Therefore, it is clear that further studies are necessary to characterize the enzymes 
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and mechanisms involved in the PAH mineralization, for example, using D N A 
sequencing. Moreover, the correlation between the disappearance of the PAHs and 
the enzymatic activities should be examined. 
A better understanding of the competitive mechanisms involved in the microbial 
degradation can contribute to the development of better approaches for modeling and 
controlling the PAH biodegradation within complex mixtures such as contaminated 
soils. Also, the long-term fate and the structure of the residues have to be evaluated 
in further detail before a final assessment of the industrial use of a stimulated process 
of recalcitrant xenobiotic compounds on a large scale can be made. 
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5 Summary 
In the present study, the feasibility of using S M C of oyster mushroom to remove the 
PAHs in soil and water was determined. Through different types of tests, the 
following conclusion was drawn. 
The stability tests show that naphthalene, phenanthrene, benzo[a]pyrene and 
benzo[g,h,i]perylene were persistent in both sterilized soil and water against the 
incubation time. For the unsterilized soil, about 40 % loss of naphthalene was 
found within 6 days due to biodegradation by the indigenous microorganisms 
whereas the other three were stable. The results also reveal that naphthalene among 
the four was not stable at high incubation temperature of 80。C due to volatilization, 
about 28 o/o and 20 % losses in soil and water respectively. 
S M C of oyster mushroom had the carbon content of 25.61 土 0.08 %, high 
concentrations of macro-nutrients such as sodium, potassium, calcium and 
phosphorus and trace amounts of heavy metals except manganese, iron and zinc. 
These characteristics enable S M C to act as a fertilizer or soil amendment. Also, 
three year old straw S M C had the chitin content of 16.02 土 2.68 %. The infrared 
spectroscopic study of straw S M C shows the presence of many functional groups 
such as - O H groups, C=0 bonds in aldehydes, ketones or carboxylic acids, C-0 
bonds probably from alcohols or carboxylic acids, or C-N bonds from amines or 
amides and -NH2 groups. Therefore, it is believed that S M C possesses a high 
adsorptive capacity for the removal of various pollutants. 
In a comparative study, the autoclaved straw S M C showed higher adsorptive abilities 
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for benzo[a]pyrene and benzo[g,h,i]perylene than the autoclaved fermented straw 
and mushrooms. However, for naphthalene and phenanthrene, all of these sorbents 
gave complete removal by sorption. These results indicate that the tested sorbents 
showed specificity towards high-molecular-weight PAHs and straw S M C performed 
relatively better than the other two. 
The results of another experiment reveal that the raw straw S M C removed the PAHs 
by both degradation and sorption. However, there was little or no degradation 
process carried out by the autoclaved straw SMC. As expected, sorption was the 
major PAH removal mechanism. As a whole, no significant differences between 
the total removal efficiencies of naphthalene and phenanthrene for the autoclaved 
straw S M C and raw straw S M C were found whereas for benzo[a]pyrene and 
benzo[g,h,i]perylene the autoclaved straw S M C slightly performed better than the 
raw straw SMC. Thus, the PAH molecules were initially adsorbed and if there were 
the immobilized enzymes in SMC, degradation would proceed. 
0.05 g of straw S M C was already sufficient to remove a wide range of the 
concentrations of naphthalene, phenanthrene, benzo [ajpyrene and 
benzo[g,h,i]perylene in both soil and water systems with high removal efficiencies 
and removal capacities. The treated PAHs could be as high as 2,500 mg/kg in soil 
and 125 mg/L in water. S M C could attain its greatest removal ability within 1 day 
for naphthalene and 2 days for other PAHs in soil as well as 30 minutes for all tested 
PAHs in water. Additionally, the performance of S M C was not affected by the 
initial pH due to the buffering capacity and the degrading activities were remarkably 
enhanced at higher incubation temperatures up to 80。C. 
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In the time course experiment, it is also found that the amount of diethyl phthalate 
formed was in the order of magnitude of the PAH loss whereas other identified 
compounds in the extracts of samples were not correlated well with the PAH 
elimination. Therefore, diethyl phthalate appeared to be the product resulted from 
the PAH biodegradation processes and was probably formed as a result of action 
mechanisms of the non-specific extracellular ligninolytic enzymes. In addition to 
this aromatic compound, the identified straight and long chain aliphatic compounds 
like pentadecane and hexadecane might be the breakdown products from chemical 
oxidation in the presence of strong oxidizing agents. 
The toxicity levels of single PAHs in the soil and water samples after treatment with 
straw S M C were significantly reduced. The residual toxicity of the treated soil 
samples is attributed to the toxic components in soil. These results indicate that 
S M C could degrade the PAHs effectively at a fast rate and the resulting degradation 
product(s) was/were far less toxic than the parental compounds. According to the 
literature, these can be further supported by the high LD50 values (orally for rats) of 
the breakdown products formed during the course of treatment. 
The adsorption kinetics of straw S M C on naphthalene, phenanthrene, benzo [ajpyrene 
and benzo[g,h,i]perylene could be described generally by the Freundlich monolayer 
isotherm model which assumes adsorption is a heterogeneous process. 
The degradation pattern of straw S M C on a mixture of four PAHs indicates that S M C 
exhibited preferences in degrading the PAHs. For the soil system, the simultaneous 
presence of four PAHs in the mixture (200 mg/kg each) led to the decreases in the 
phenanthrene- and benzo[g,h,i]perylene-degrading activities, but no pronounced 
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effects on the removal of naphthalene and benzo [a]pyrene. Similarly, for the water 
system, the inhibitory effect occurred on the degradation of phenanthrene, 
benzo[a]pyrene and benzo[g,h,i]perylene in the mixture of four PAHs (125 mg/L) 
whereas naphthalene was completely degraded. Nevertheless, the mixed PAHs did 
not have significant effect on the adsorption of each PAHs in the mixture. 
6 Conclusion 
With the limited tests, straw S M C has shown promising results in the removal of 
naphthalene, phenanthrene, benzo[a]pyrene and benzo[g,h,i]perylene in both soil and 
water systems without generating more toxic breakdown products. Although 
further investigation is required, it would be more economical and 
environmental-friendly to use S M C for the bioremediation of PAH-contaminated 
sites in real situations rather than for disposal by landfilling since S M C was found 
comparable to other microorganisms and methods in the removal of PAHs. 
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